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Executive Summary
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Polyethylene (PE) is one of commodity polymers that are produced in large quantity in Thailand
and woridwide. Generally, it is used in low cost products. Some of it, high density PE (HDPE), goes into
rope, cordage and fishing net industries where it is turned into slightly stronger monofilament or fiber by
melt spinning and hot drawing before fabricated into appropriate products. The mechanical properties of
this fiber, although higher than isotropic PE, are stil much lower than that theoretically predicted. The
market size of this is, however, quite large and now manufacturers are competing for a lower price. To
escape from this market to a new market where price is of no concern, a stronger fiber is required. It is
known that the mechanical propetties of fiber can be higher if the amount of drawing, or draw ratio, is
increased. There is however a limit to which drawing can be done. At this limit severe defect is
developed in the material. This defect not only limits the maximum draw ratio but also limit the strength
of the fiber. In order to reduce, delay or even suppress the formation of this defect, it is essential to
understand the nature of it and, if possible, formation mechanism. In this project, the nature of this
defect was studied in some HDPEs of different molecular weights (MW) from local source. Various
techniques were used {o study the defect. The results indicate a very complex nature of drawing and
also structure of drawn HDPE. Molecules in HDPE with different MWs respond differently to drawing.
This information was used to deduce the mechanism of defect formation. The deduced mechanism was
tested by preparing continuous fiber from HDPE blend of high and low MWs. [t was found that this
HDPE blend could be drawn fo higher maximum draw ratio than neat HDPEs. As a result, fiber with
higher modulus and tensile strength was obtained. |n addition, aiternative method was used to suppress
the defect formation in the fiber. This was achieved by incorporating of organoclay into HDPE.
Composite fihers were drawn to much higher draw ratio than fiber from neat HDPE. Therefore fibars with
higher medutus and tensile strength were obtained. The most striking feature is that tensile strength of
the composite fiber is much higher than that of neat HDPE. The knowledge acquired from this project
has been put to test by making a sufficient amount of high modulus and tensile strength polyethylene
fibers for fabrication of bulletproof composite armour. The test was very satisfactory. 1t is believed that
by further investigating into the matter, many new products could be realised. It is optimistic that there is

a bright future for this high modulus and tensile strength polyethylene fiber.
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AFM Atomic Force Microscopy

“C NMR Carbon-13 Nuclear Magnetic Resonance
CcpP Cross polarisation

DP Direct polarisation

DSC Differential Scanning Calorimetry

GPa Giga Pascal

HDPE High Density Polyethylene

LLDPE Linear Low Density Polyethylene

MAS Magic angle spinning

MPa Mega Pascal

Mw Molecular weight

OMMT Organically Modified Montmorillonite

PE Polyethylene

ppm part per million

SEBS Styrene-ethylene-butylene-styrene block copolymer
SEM Scanning Electron Microscope

T Longitudinal or spin-lattice relaxation time
Toc Transverse or spin-spin relaxation time
XRD X-ray diffraction

A Draw ratio

E Modulus

a Tensile strength

Lm micrometer

s microsecond
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Abstract

This research project is an attempt to make more benefit on using high density polyethylene
{HDPE} in making strong fiber. Generally, drawing of HDPE into strong fiber is limited by the formation
of defect in the fiber. The defect not only Hmits the maximum draw ratio but also limits the strength of
the fiber. In order to reduce, delay or even suppress the formation of this defect, it is essential to
understand the nature of it and, if possible, formation mechanism. In this project, the nature of this
defect was studied in some HDPEs of different molecular weights (MW) from locat source. It was found
that the defect was formed in all HDPEs studied at a certain draw ratio, depending on MW. The higher
the MW, the lower the draw ratio at which defect was formed. The defect contains bands arienting
perpendicular to drawing direction and etched pockets between bands. At the formation peint, the bands
separation is about 4-5 um for all HDi:’Es. When the sample was further drawn, HDPE with higher MW
would have larger separation while for the lower MW the separation remains roughly constant, AFM was
used to study local mechanical properties of band and etched pocket. It is suggested that
heterogeneous deformation had occurred and etched pocket is the area the material deformed more.
Solid state "C-NMR was used to study average molecular dynamic of carbon atom in different regions in
the sample. It was found that, by using relaxation times as criterions, 7-8 components can be separated
depending upon draw ratio. A new component, which hasn’t been reported, was found in this work. Itis
proposed that this component is composed of chains that are stretched taut and traverse non-crystalline
region. In addition, it was also found that the tongitudinal relaxation time of crystalline region in high MW
HDPE increased sharply with increasing draw ratio. The change became less for lower MW. These
results indicate a very complex structure of drawn HDPE. Molecules in HDPE with different MWs
respond differently to drawing. This information was used to deduce the mechanism of defect formation.
The deduced mechanism was tested by preparing continuous fiber from HDPE blend of high and low
MWs. It was found that this HDPE blend could be drawn to higher maximum draw ratio than neat
HDPEs. As a result, fiber with higher modulus and tensile strength was obtained. in addition, alternative
method was used to suppress the defect formation in the fiber. This was achieved by incorporating of
organoclay into HDPE. Composite fibers were drawn to much higher draw ratic than fiber from neat
HDPE. Therefore fibers with higher modulus and tensile strength were obtained. The most striking
feature is that tensile strength of the composite fiber is much higher than that of neat HOPE. The
knowledgr:z acquired from this project has been put to test by making a sufficient amount of high modulus
and tensile strength polyethylene fibers for fabrication of bulletproof composite armour. The test was

very satisfactory.
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i’mlﬁﬁqﬂaanmnﬁuﬁ'z) wuaMBLandAdautantuudas A uasTagefifiadwil  Fenaw
U uasiunidederasudssiumingasnianTedl 7 dussdadaniuanduiudaudronnil il
Funsolfiunmeinalumsaianm force volume Fazdanlimunsoduunanifususazisionas
Fmitld N force volume AiasiwannslidussBasadmiudaatne 62008 fiada 9 i uaz 16
i uamaﬁagﬂﬁ 29 war 30 Wiy Feandiuldin dwmindmateiida 9 i wasdthifdmiliintu
%W N force volume dunanesgl srlifinesndoela 9 e usstfiatdSouifioy force curve
Mu,@ia:e‘nLm*tiouumwm'mgamasﬁﬁui’Ja (u?nm?iﬁmﬂ%ammu +) =AW force curve MIGIUET
1ila (Meluaed) vesudasdumbiiidnwasindpndanuun éuﬂumquah msﬂmmwﬁﬁwﬁuﬁﬂa&
fiswaziboala 9

& o . o e W v P AP
AN 7 anutuuaInTy contact force LLa:mmaﬁﬂm@mmnmmwmmo ) VBIWUNT
- ) nd‘ o J - .y A. = 1 "
viadamiiniieadulunadiafiiu 62008 ‘ﬂadﬂ@‘l 911 Uez 16 111

. . . wsetlafia
#1819 62008 ANVTU
- {Adhesion force) (nN)
9x 53 30.07
16x (band) 54 227.36
16x (pocket) 45 372.71
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FV Image

0 10000.0 nm
Dara type Height
Z range 86.52 nm
Z scan 10.00 pm
Z position 25.75 nm/div

TTip
’’’’’ vefiect
1 7.00
_T nm/fdiv

i - F - Y
0 10000.0 nm ; L) [ et et R R AR AT RE AT At St

Data Type H=ight 5

Z range 250.00 nm

250.00 nm Force Plot

86.52 nm

FV Image

0 10000.0 nm
Data type Height
Z range 86.32 rm
Z scan 10.00 pm

25.75 nm/div

Tip
peflect
o 7.00
L nm/di
. S.P.
Data Type Height
Z range 25¢.00 nm

AEM O 250.00 nm Force Plot

Fv 0 186.52 nm

e Pl M o a . as
7N 29 mwalsuidisuan AFM fildanmyiaanugs (height, 7o) uaz MW force volume
R P v ' a i 4 . et ar
(FV image, Y1) TIgHoanmildausiiiada (adhesion force) @1ati19 62008 NLAATIEIWNTT
| ar \ “¥M i a o a ' =ha Y @
faflatrinny 9 wih (Jaluitiadinil) Mwus uazas wEas force plot NRANH MBI BUNY F T

& o - % v A
LI IATaINANY +luuma:ﬂquadﬂ11u§3@1umqﬂwa

e
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] 100006.0 om

Data type Height
2 range 158.64 om
Z scan 10.00 pm
Z position 0.10 um/div

Tip
T peflect
T114.00
ane 1 LB nm/div

e R SR O W |5.P.
0 10000.0 am  --fFA--i- ; ; |

Data Type Height
Z range 600.00 nm

600.00 nm

153.64 nm

FV Image

0 10008.0 nm
Gata type Height
Zz range 158.64 nm
Z scan 10.00 um

Z position

S Tip
Deflect:
14.00

~ nm/div
;S.P.
0 10000.0 nm q
Data Type Height
Z range 600.00 nm
AFM 0 | 600,00 nm Force Plot
5
Fv O I 158.64 nm

gﬂﬁ 30 mwSuuiouan AFM ﬁ"l@‘fmnmﬁ@mmgo (height, §781) waz AW force volume
(FV image, 27) S9eaninmsidausefiafia (adhesion force) aaatns 62008 AdSaTEMANT
fefianrinny 16 vin (Radmiiudr) Mwun uasEns waae force plot AIfldnumzuansIiuang
30 EmFULTanateanang + 1wU3im band st pocket maaﬁmﬁﬁnﬁu’tmnwmmg\aﬁm

Frod
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o~ - L el s v A e a oo & . ar P
WINAIITINNIN force volume Tasiagwiialia 16 v Halidmiifeluud  dwusaaluznih
= L e A Lo & A a L
30 wWHEWHMMN force volume (MuUUY) ddnsmchraaadasiuawaNug (F1e) Fanwiasasiile
a - f a d - . o . o -l ]
MMAENNSTALANEIITK  uaziliafinnsa force curve tadudazuiimuadd il WHnmhirieTasmane
1 L 24 4 A i 1] g 1] | b
+) azNu force curve naduaIMia (Mulwasd) fAlduandrsinadwann Sadumanaldifunn
- -y Y ’ -~ ' . . e
u force volume Raidumstuduiteansolfanuuandzesusidedaluudazdrumislumssfianm
| [ [ [ . - o} s .
force volume fiseandasnunwanugld Faldvnsadanin force volume luiFiiniau 9 vasatng
a a4 P | A [ o -
fufiadmi Fanwinlduaasdanlii 31
A +* - 1 - A 1
Pinkafiuaas azrunsaagllai maunsald ArM lumsuenaauandrmassui@iGanaluud
P and a & a B a  ad - o P | . w o v "
szUTnrasdwinfatiuludaiawafiiefiduld Ssuidnuandrsnuinnnafiasyilvidiunin force
oo a 2 a § A A oo ow . P . A A A '
volume fifaiau fia usadada (uililumsGaiaia wisduialdngasenaniiuia) Fadisfinsid
A o sl o v Fa i a4 el a . “a A - & ' & o
wnefefuaasluaswd 7 srawualdi Wadedvgniddiidandmunsisdaiuiu dusbeda
& o & . R - ) a - -y a i a
WINTU ATUU AuLandrasiuRiedaluudssiiunsssdmiinafannmiiudasuiiugni
. . 4 e -~ P - A . Py - "
Wdnsenlivhiiu TasuSiamfidu band wiauoy azgniavasnituSvafiiiu pocket
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0 10000.0 nm

Data type Height
Z range 97.01 rnm
Z scan 10,06 pm
Z position 25.01 nm/div
gy - : T ET T T
Daflect:
“l19.00
L om/div
S.P.
[} 10000.0 nm
Data Type Height
2 range 250.00 nm
250.00 mm Force Plot
97.01 nm nattawut-pisalbx-050405.006
FV Image
0 10000.0 nm
Data type Height
Z range 94.99 nm
Z scan 10.00 um
Z pesition 15,00 nm/div
S i £ AT i 3 g e T . o T
TREh o L i T il R L peflect
i {5.00
! rm/div
sl
¢ 10000.0 nm
Data Type Height
. Z range 500.00 nm
AFM O 500.00 nm Force Plot
Fv 0 94.99 om

nattawut-pisaléxtrans-050506.001

Eﬂﬁ 31 mMwipufisuann AFM ﬁ‘lﬁmnmﬁﬂmmga (height, T188) W&z NN force volume
(FV image, 121} %aa_i"wmnnﬂﬂ-ﬁmusaﬁaﬁm (adhesion force) §1879 62008 NIIFATIHIUMS
Fabaindy 16 i1 (Aedniiug) Annans 9 viaaluhate Weuaedwifiwiaansaeie
1w Trce volume {usm'lﬁflué'nvmzlﬁmﬁ'uﬁ'uﬁuamlugﬂﬁ 30
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5 n13ANENEIBENTHWANIRIR Y solid-state °C NMR

lumslt solid-state °C NMR u‘i‘{aﬁnquﬁnﬁwaﬂuLaqa'luéhazhawa&aﬁ‘é‘uﬁgnﬁaﬁm&nfu
adasmsanmaninaresmsasdanisuaruulageng 9 ﬁtﬁ@‘i’mﬁuimaqa asendmiiiiiadn &
Mausaanudrineduin sudaluudszdumbmasdmituuandnotu was solid-state °C NMR Hwiu
mﬂﬁﬂﬁmm‘m'l.ﬁiagmﬁmﬁ'uamwwmé’amadmaqa wiadnvasluanald snhsulafiaziantdly
msdnw  dadiumssieanudilifugu  aldnandmannindesdufivnldmansald solid-state
¢ NMR Tumsfinwmg@nssavasluanadanaridradule

Taovialludy msld NMR st dmlngiiumstfiReduunsiievaslusaan wiamiuaw illass
shemaailodnls wazadwwuszegivezasusfiala naRldanmsld NMR da Tasssamaed ud
Fmiuwadiafisuud? Tmm"s”mmqmﬁf:’uﬂﬁuﬁuuﬂ'ﬁ'ﬂaguﬁ”: juilwlalasarfuaudud  waniluane
Tgass  adwlsfionn  winlansbumasianiulalesafuondudruunldass Fananefian aisesil
Fyanmvas °C NMR sadiditdia dyanmuamy CH, udluananiiusiudy wafiafiduvasudas ge
ﬁﬁnvuy'\mﬁﬂ'fuﬁnmuﬁmﬂm Wasnnamuuneday (madsznauiwiundn) wazgiliepasluana
(conformation) vasluianawadiafiiulundnudazsiia w?a‘luu%nmﬁtﬂuaﬁ'mgﬁu (amorphous) WHWAN
g Sdamsnfinadaduniiuesdyynm wia chemical shift TaudnumislddnsRgaiuddmiu
wollaiau dmiuninudszaiia uazluudasism el

HAnTHa Monoclinic (luianafijulinauuy afi-trans) Syanoinngi 342 ppm
wanziia Orthorhombic (Lutanaiizusiuty af-trans) fyonoulingd 33.0 ppm
Tulanaviiusasdanin-admgu (interfacial) fygnamlnngd 310 ppm
Tmaqau“‘mmaﬁmgm ﬁLﬂﬁuuuﬂaagﬂhmaaﬂnm (rubbery amorphous}) 30.5 ppm

3 1 d“d A‘ ar 13 1 a » o L . L
wannéumbidygnaulnnguiuiuginmadluegalusdasdunisdusasidunds e
o o v e o & YY) P . = = , oo ]
wuwasdygnainld  dedusgiudanimesaisidvasnnuduuimanyesfiuafomndiudndin &9
o a i i 13 ar a o et e
sunsadamulddallunuiadinenzan 307 32 ugay T C NMR aiUnady vaswedtefiduiiuiin
s v g . ar = I P ‘. v a X d. . e o '
anldsunsuiasiuandraiu Fseziuinsyganldluudscauneiufedunduniadions wdany
o ' -~ ' -« E Xa ar = . - 4
Wuvawmdssapnuandwnu - mbdiunanandannssaslusssnuduwiininuesiiiefoslu
wdazauniILandnaIny
o & o e Iy v a - s il Pzl
doun winlgluswnsaiadfiminzan  azansoduunmy CH, TuudastSinwesdiaing (wWan
ar | A A = ' s . v
admgu soude wiedu 9) sanidudim g aunwgdnTIvzemy CH, 1d
o ) 13 v .q' w = & A, ~
Wiadsnnmeand solid-state '€ NMR 1flaafiwwann  dsznauduiisvanniasilafidendns
P o & [y { o a . a A PP Y . o
e doun Taldrunuiinsnasaniios 3 dretny Ao wallefigudiiariinmsinadnfian (62008) ua:
a o da w H = & e ol i a o, i o O
wadefiaunfiarinmyinagefign (16000) Hfimsfedmiifidandumssbad wazgengamadidy
' - a a [ ' ad Ao o o X A -y a
atlsfienn  ldvnamassafadulasnsldwefiefitufiidsiinsInafiatudn iafidmdinluans
. A & a i A a @ ¥ W Y .
) (KM490K)  (Rafigaiauydguiifisadasdadumasssssmisznauduhwinluana lasdodng

waﬁLaﬁﬁuiﬂeﬁ'ummmi.mﬂ:ﬁmnﬁ’lwmmwﬁ Fumitaka Horii uvsuwingamnerla
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Polyethylene CP/IMAS

o

DP/MAS

(b)
wadatsasatas st sasadonasbassadanaata,
40 30 20
Carbon Chemicat Shift (ppem)

a 13 [y a A { 4 v [ — N as o 1%
A 32 Uc NMR munaiy gaanwelieffuiiuindnluunsuisdiuandain  Seecldaa
Wauvaasygulukdssiumisuanaeiu tasmunaduduunldlisunsuuuy CP ussduas DP

mIAnEneatinige solid-state 'C NMR ‘1@‘1’L‘§uﬁnmG'haLhaﬁﬁuuﬂﬁ'ulumnﬁmﬁmﬁga fia Woa
L@REuNga 62008 AikMuMTiusiauLy Q gﬂﬁ 33 ugad C NMR aanﬂ%’waaé"zamaﬁgnﬁuﬁﬂlﬁ’ﬁ
AANEmIUMIRIEAMINY O (DPE9) 12 (DPE12) Waz 16 vt (DPE16) UufindaslliunsuWaduuy CP
AW e ITF Y AR WWITBINANILIL orthorhombic gaann uazFanmedmgn (USnnlng
YN UDINA) aaaamué’@mmsﬁaﬁaﬁgaﬁu Tun1570 relaxation time vassmidunin wiaduniilass
ahadlwwuy afi-trans i chemical shift Indi@naiu Orthorhombic crystalline phase (33 ppm) dumunsa
uLiaena spindattice relaxation behaviour #3afn T, (oW 4 du ﬁauaﬂalugﬂﬁ 34 FnwaeTull Wy
1“Ylﬂﬁ’lﬂﬂ'ldﬁﬁﬂ‘n+’]’ﬂﬂd 62008 AEUMAANGIULY Q @D sadmmIasda 9 o 12 v wez 16
o dalasirluslunafieffulasialy  wieelilanadofiuandaiu  wdfiazmansnuoldifies 3
dawrinin 21-24] Tegdud 4 i aldhianadeliin ansesillaseairoihionals

waldaansauenasdsznatdns 9 ssnaniuldin Seldvhnisiadn °C spindattice refaxation
28InY CH, "ﬁaﬂﬂngﬁmmm 31.5 ppm wu lisansausnasdsznaufdumisitle GT@LLa@a'Lugﬂﬁ
35 uawinyiinsiasn C spin-spin relaxation v8Iny CH, luduniadmduunu aswuiaansousn
dwasstisznavdasiia °C spin-spin relaxation time fiuananarwle @Tauamlugﬂﬁ 36 G9uu 59813
na ey CH, Tudatnmmafefduihandnund swsniuwnesnilinasidsnavtsnagiatas
6 asLlsznauRfiwginssy wie dynamic uandratu laawgdnTsanguil wulunndan (Bavamnse
fin g i 12 uh uar 16 ) ialvmansomruasumisuaelaseaief 4 dowulwaidhedu Fole
naassiufinaunesusdy delay time swann g (flsvanduillian 7., Adunn 9) wefilddmivudas
fating uamlu;ﬂ'?'i 37 %w:tﬁu’l@‘\’*j*my: CH, '?'iflﬁ'umﬁwaoé’zgry'lmtﬁammﬁumuﬁa:‘ﬂuwﬁn (33
ppm) aunsafmm IWraidaladifnsiudmedugu @alngimaandefidumialszaanm 31 ppm)
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Magnetization

L 1 i 1 ' 1 A

0 200 400 600
Timels

- a 13 . . . ' = a oo A4 o o '
Eﬂﬂ 34 WHANTIY C Splﬂ-lattlce relaxation 'ﬂa#“g CH2 1““&”‘“6E‘Laﬂau‘ﬁﬂﬂﬂnﬂﬂ@lﬁluﬂu\j

1000

33 ppm Anmdat CPT1 pulse sequence 18IWaRLENAKNTA 62008 Hrumainliduduuy Q

= e o 0 & A k]
Llﬁ:ﬂﬂ'ﬁ&la@ﬁ’iﬂﬁuﬂ’l‘iﬂ{lﬂﬂ 16 1y

1.0 O O
0.8
S
= 0.6
1]
N
il
2
&5 0.4
(1]
=
0.2
0.0 i L
3 4
Timels

~ a 3 . . ) . . aa A H g '
Eﬂ'ﬂ 35 wWOANTIY Y spin-lattice relaxation ¥8J%3) CH, 1uwamamumﬂﬁngﬂmwua
31.5 ppm ANWNAIL saturation recovery pulse sequence 8IWaRLafifiuinTa 62008 Ak UM

o T =) et o v a4 . '
‘lmuumuuu Q uﬂ:ﬂﬂ'ﬁuaﬂ‘ﬂfﬂuﬂ'ﬁﬂdﬁﬁ 16 1
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T
N
Noal
[}] L
c o
o 3
m =
= L

1 1 P | L 1 L 1 i L PR |
0 200 400 600 800 1000 1200

Time /us

o a 13 . . . ' = a4 A o .
3Un 36 wn@nsIu C spin-spin relaxation 1831y CH, lunaSeffuasnngidumia
31.5 ppm ANWEE spin-echo pulse sequence TaIwadtafiauinsa 62008 firiun1m
Wifuduuy Q wazdeliidansaumsasiia 16 i

. = ' H P P G L e ' A = -~ . o
atiglsneny &uh 4 Aiwud a0 chemical shift gamwmmmmaawawamawﬁﬂumumﬂumﬁn
ol i I‘: e o~ = Qe . J L 1 ~ Qs
Uszanm 0.25 ppm uazlien T, Aaunnn g luseal 1 3wd nanwassui 30ldlimaanain Aads
- P e ' = . ' Py B & A A . ol
naviudumoleniiplnaiu aftrans udagluduihiiliunin  #isfie tauttie motecules Filou
sminin  mawudnraedindididu  ssnniuduldlesnmyhwmzdiine (ineshape analysis)
13 4 ' TR { o~ & 1 & A oa &
w849 fully refaxed  C spectrum 289028879 Naﬁ‘imuam‘lugﬂﬁ 38 FerslAwianUIm 33 ppm Ul
1 3 = . Iy a - S 1 =l & Lo
tsznauday 4 Anday AmsunaminmsialdnanfsinaTolusaurng
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(a)

(b)

ppm from Me Si

74 37 “C DD/MAS NMR snaiuuuy partially relaxed sufindneWadas 90 a9m (single
pulse) 19 recycle delay t¥innu 0.5 3w1Hi Uasweneie Lorentzian curve NIFNuwie 33.25 ppm

o a o 1 dﬂ s 1 - 1
fFmsudatandaanauniasia 9 (a) 12 (b) uas 16 11 (c)
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40 35 30 25
ppm from Me Si

| 1 1 2 £ 1 i i 1 L 1 i i i A - |

40 35 30 25
ppm from Me Si

P - ' 13 = el o
U 38 m‘nmﬂ:ﬁgﬂﬁwaa fully relaxed ~C spectrum Ya4WaRiafiRuinTe 62008 Vik1%
mavldiiumuny Q wasdldlidamaunisdeiia 9 (i (L) uaz 16 1in (814)

MINLEINR 4 %aﬁwuﬂu‘[maqaﬁﬁgﬂiw ali-trans Tusa ﬂﬂaﬁﬁwfﬁuﬁnTuaaqaga wazduualiulu
mﬂﬁﬂw‘imﬁgai{ mafimtaslunslammitatuninfiadni LL;&"ijwvluﬂnﬁdazi'mﬁv'oﬁé’rmﬁﬂ'a'hi
W (Fung bivkumeldndbaganssend) wiofidmiinannathaduiiudafan

Walwnstudubainuludiagns 62008 fusesthasu  Solddudunalesmsdinmfindnlud
ati19 16004 %oﬁﬁ"ﬁﬁmﬂuaqa 'l@"naéfmamlugﬂﬁ 40-43 zhwil wodnssuvasluanaludiadng
1600J ﬁé’num:ﬂﬁwﬁuﬁé'amq'lé‘luﬁdath 6200B fia Tmaqa’luw‘s’ané‘fﬁﬁlmaasﬁauuu all-trans Wud
aEnaNTNULIA spin-lattice relaxation behaviour w3adn T, laiflu 4 daw wwdsidulu 62008 (U3Ten
tﬁuugﬂﬁ 34 ﬁugﬁﬁ 39) ﬁlﬂ%'ua'rmﬁﬂuaé’mgmﬁgu fAnedinganssufiliuansdronu (Lﬂ?umﬁuugﬂﬁ
35 ﬁugﬂﬁ 40 i.l,za:?ﬂ"r’li 36 ﬁ’ugﬂ‘ﬁ 41) Mo wanesidsznaufiwuathelay 6 asissnauludasting

Yo - . .
16000 # Jalaouduldlasnmiamedzing (ineshape analysis) w84 fully relaxed C spectrum 8362
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. a . A v P = T D & [y '
adndingn  wafladusadlugud 42 Feexfuifefiolion 33 ppm wuilzneudas 4 Aades lu

dnwofnsasuiiwuludladng 62008 (3'1]'?% 38)

- P N = - oo A e i
319 39 Wn@anIw ¢ spin-lattice relaxation 18913 CH, TunBnwadlafidudssngidiunis
33 ppm ANWIGIY CPT1 pulse sequence TadWaalafiauinia 16004 s didudiuuy Q

Magnetization

A 1 L L M 1 A 1

600 800 1000 1200
Time /s

= v o } < M '
LLa:ﬂﬂﬂﬁJaﬂT’la‘l%ﬂﬁi@Nﬂﬂ 31

A - 13 i . ' a  aa d A . '
Eﬂﬂ 40 w@nssy C spin-lattice relaxation 189wy CH, TuneRiafitudnlrngndumi
Y a _ad A . N
31.5 ppm finwnene saturation recovery pulse sequence UBIWARLBNAWNTA 1600J MHTUNTTYIN
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e
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Magnetization
o
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Time Is

Widuauuy Q uwazlviidamaiunsasda 31 10

gy~
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Magnetization

0 200 400 600 800 1000 1200
Time /us

P - 3 . . , N = P ie .
31]1’1 41 WOANTIM e spin-spin retaxation W8Iy CH, 1uwamaﬂaumﬂﬁng]ﬁmtmm
31.5 ppm ANWAL spin-echo puise sequence 1aIWaFLENAUNTA 1600 TFHUNNTHN
Whiumiuuu Q uazdelwlisamaimmitebia 31 i

ppm from Me,Si

317 42 m3anzizsaTes fully relaxed TC spectrum T8awafiafifuinga 1600J Aiiu
msildlduaauy Q wssdldlidandunisadta 31 win.

ety -

o
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namMsdaTzAteyaen solid-state " 'C spectrum BaIwaiefiuiniad 9 (62008 16004 Laz
L v & 1 A L7 d.
KM490K) avldugaadaadnalugiin 38 waz 42 mansavnunuldduradluanf s-10

- - . o . < o
@13190 8 HaN 33 AITHIUI19184 fully relaxed spectra DaInadiafifninia 62008 fitiwnmai

v e s - L - ]
Tduduuy Q eazdsilldandmwnisdeiiad ¢

Line 1 Line 2 Line 3 Line 4 Line 5 Line § Line 7 Line 8

MCP Al Abwmss  OCPL  OCP2  OCP3  Inecfacal o0
amorphous

DRI
Chemical shiftppm 342 . BB BO B B A5 NS
Ticls X 1% 189 126 519 0% oM
Toc s : . . i - : 316 684
Falfwidhppm 076 : 13 08 0% 0% 22 i
Mass fraction 003 0 015 o0 0 025 08 oW
DR12
Chemical shiflppm 342 3365 325 B0 B R¥ 35 3
Tick x x 050 93 % 552 04 0H
Tchis i : . : : : 31 676
Hlf widhopm 080 061 W3 07 0% 0% 2% .
Mass raction 04 005 als 0oy 0 022 0 00
R 16
Chemical shitppm M2 3365 BB RW R\ RM H5 305
Ticks X 3 27 150 606 0% oM
T s : : ' : i : 2938 7%
HalEwidihfpprn 080 070 103 0% 0% 038 29 .
Mass Fastion 005 003 oM eM 0 02 0N 001

A3 191 9 Nan'lﬁl.ﬂﬂzﬁgﬂ%'lwaa fully relaxed spectra 2adwafiananinia 1600J NH 1AM

v & a =3 ey s s - 1
Tiandusy Q uazdsiiddaadimniasingg 9

Line 1 Line 2 Line 3 Line 4 Line 5 Line 6 Line 7 Line 8

MCP Alltrans  Alitrans  OCPI 0CP2 0P Inerfaciat LU0V
amorphous

TPEM 10

Chemical shiftppm~ 34.30 3357 3325 3380 33.00 3303 5 30,5
Ticls <200¢ <16? 116 142 110 499 0.36 0.36
Toc fis . . . ; - . 30.5 §02
Half-widthipprn 083 070 102 0.58 0.4 0.4 237 rAY)
Mass fraction 0.06 0.08 0.13 0.09 0.14 0.29 0.1 0.05
DPEM 20

Chemical shiftppm 3434 33.53 33.26 3360 3301 3300 315 05
Ticks <00 <16 1.30 16.1 138 565 036 £36
Tac fis ) - - - - - - 297 646
Half-widthippm 682 073 1.24 069 048 0.40 267 223
Mass fraction 0.05 0.10 0.15 0.16 0.17 019 0.14 004
DPEM 31

Chemical shiftppm 3430 3356 33.26 3300 3300 3301 315 305
Ticls <00° <1 108 147 140 598 0.37 037
Toc fjis . . ; . - . %7 745
Half-width/ppa 0.80 070 135 0.66 048 048 263 28
Mass Fraction 067 6.1t 0.14 0.15 0.18 0.21 0.11 0.03

25 these values Were estimated from the time of CPT1 specira at which the peak of MCP and afi-trams component (~33 55, respectively, disappear.
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E] e

@131971 10 4an13d31aTzv3U319u09 fully relaxed spectra vaInaftafidninia KM490K fiwnns

a1
ol A

a o e .
mnandnu Q uazfobiiaandmnifeiiade 9

Line 1 Line 2 Line.3 Lined Line 5 Line § Line 7 Line 8

MCP  Alltrans  Allans  OCP1  OCP2  OCP3 Interfacial X000V
amorphous

DPEL 15

Chernical shiftfppm 3425 3363 3326 3305 33.04 3303 315 305
Ticts . x 137 164 118 498 037 037
T s i . - i . . 276 a7
Half widthppr 087 069 12 o 662 0.58 248 2%
Mass Fraction 0.06 0.04 021 010 016 025 012 0,06
DPEL 28

Chemical shiftppm ~ M25 3O BA RV R 2% 315 05
Ticls % : 1 139 119 510 038 01
Toc s ) i . . . ) %1 645
Half-widthippm 085 067 153 08 062 058 209 298
Mass fraction 0.05 0.06 018 012 018 023 012 0.06
DPEL 47

Chemicalshifppm %27 35T B[ BM BM RB 315 %5
Tichs X ¥ 101 126 136 541 043 043
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EFFECT OF DRAWING CONDITIONS ON THE DPEVELOPMENT OF INTERNAL DEFECTS IN HIGHLY
DRAWN HIGH DENSITY POLYETHYLENES

Gy Fuyad wornidn ousAnAsY*

Nattawut Chaivut and Taweechai Amornsakchai®

*Department of Chemistry, Faculty of Science, Mahido! University, Bangkok 10400, Thailand; e-mail address :
setanymahicol.ac.th
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Abstract: Longitudinal morphology of highly drawn HDPE was investigated in this work. HDPE samples were firstly
drawn at 75°C, 100 mm/min to draw ratio ~ 10 and then further drawn to higher different draw ratic at various drawing
conditions. Two types of defects after second drawing were ohserved, parallel fongitudinal etched pockets laid m the
regions between almost parallel continuous transverse bands or “Pisa” structure and cracks perpendicular 10 drawing
direction or transverse crack. From SEM micrographs, “Pisa” structure was found to become more distinct, and transverse
cracks increase in number when draw ratio was increased. With increasing drawing temperature and decreasing drawing
speed, these textures can still be observed but at higher draw ratio. The number of cracks decreased when drawing
temperature was increased, however, those drawn at slow drawing speed were still the same. 1t is found that the
appearance of defects formed during drawing refated to draw ratio, drawing temperature and drawing speed.

Methadology: HDPE used was 62008 grade (M, =2.5x10°, M,=3.8x10") obtained from Bangkok Polyethylene PCL.,
Thailand. Sheets were prepared by compression molding at a temperature of 160°C then crystallized in water at room
temperature. Dumbbell specimens (gauge fength = 20 mm and width 3 mm) cut from the sheets were furstly drawn at 73°C
and 100 mun/min using an Instron testing machine. Second drawing of specimens was carried out at the following
conditions: 75°C. 100 mwm/min; 75°C, 10 mm/min: and 100°C, {00 mm/min. Draw ratic was calculated from the
separation of ink marks printed on the original surface. To prepare specimen for SEM, the drawn samples were embedded
in Kraton® block copolymer {Shell). Longitudinal surface was removed with a glass knife in a microtome. The exposed
surface was ctched with a permanganic reagent for 2 hr at room temperature. with 1% solution of potassium permanganate
ina 10:4:1 (by volume) mixture, respectively, of concentrated sulfuric acid, 85% orthophosphoric acid and water.
Longitudinal morphology is then observed under SEM.

Resuit, Discussion and Conclusion: SEM micrographs of highly drawn HDPE show two characteristic textures, “Pisa”
structure and transverse cracks. For samples drawn at 75°C, 100 mm/min and at various draw ratios. At low draw ratio,
unclear entired bands can be observed, etched pockets are quite short, whereas transverse cracks have small quantity, With
increasing draw ratio, bands display more distinct features, pockets are longer and cracks also tend to increase in number.
When drawing temperature is increased to 100°C (second stage of drawing), the longitudinal morphology of the sample
still contains similar features as that drawn at 75°C but the draw ratio at which the defects arc observed shified to higher
value and cracks are deeply decreased in number. For fow drawing speed (10 mm/min, 75°C), the features are still the
same, however, they appear at higher draw ratio and cracks are almost unchanged in number. From the results, it may be
suggested that the occurrence of sharp bands should resuit from drawing of unclear bands ar low draw ratio both from top
and bottom side of them as that observed in neck extending process. Incorporation or merging of smaller etched pockets
should occur when transverse bands are broken, therefore, longer ctched pockets are resulted. Crack formation and
appearance of “Pisa™ structure are proposed 1o relate to melecular mobility of polymer chains which is controlled by
drawing temperature and drawing speed. Both textures would be retarded as temperature is increased. Transverse cracks
and “Pisa” structure can be observed and found te depend on both draw ratio and drawing temperature. The higher the
draw ratio the defects are more develop, that is higher number of the cracks. more distinct “Pisa” structure. and longer
distance bands formed by band breaking. With increasing drawing temperature and decreasing drawing speed, the defects
are observed at higher draw ratio with similar pattern.
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Abstract: The structure and molecular motion of higly drawn peolyethylene have been
studied by solid-state *C NMR spectroscopy. Polyethylenes with different molecular
weights and draw ratios were used. Tic relaxation time for crystalline component was
found to compose of 4 components. Three from four components can be normally seen in
isotropic samples and another one component having the chemical shift close to
orthorhombic crystalline phase but having very short Tic. This component was suggested
to be all-trans conformation. From Tic and Txc relaxation times for noncrystalline
component, interfacial and rubbery amorphous compenents can be assigned. The above
results can be confirmed by lineshape analysis of fully relaxed spectra. In addition, the
effect of draw ratio and molecular weight on molecular motion of some components are
also reported.

Methodology: High density polyethylencs (HDPEs) having different molecular weights
(MW), 6200B, 16007, and KM490K, at different levels of drawing were investigated.
HDPE sheets were compression molded from pellets at 160°C and solidified by
quenching in water. Dumbbell specimens were cut from these sheets and drawn in a hot
air oven at 75°C at a speed of 100 mm/min to different draw ratios. Solid-state “C NMR
spectra were obtained on a Chemagnetic CMX-400 spectrometer operating under a static
magnetic field of 9.4 T. The MAS rate was set to 4 kHz. The 'H and "*C field strengths
¥B,/21 were 62.5 kHz and contact time for the cross polarization process was 1.0 ms.
Spin-lattice relaxation time (7ic) of crystalline and noncrystalline phases were measured
by the CPT1 and solid-state saturation recovery pulse sequences, respectively. Spin-spin
relaxation time (Ta¢) of the noncrystalline phase was obtained with solid-state spin-echo
pulse sequence. Fully relaxed DD/MAS “C NMR spectra was measured by the 45°
single pulse sequence with recycle delay times longer than the respective longest Ty¢ of
the sample.



Results, Discussion and Conclusion: Only NMR results for quenched HDPE 1600
having draw ratio of 31x arc displayed here and comparison with other grades and draw
ratios will be shown later.
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Figure 2. °C spin-lattice relaxation behavior of
the resonance at 31.5 ppm obtained by the
solid-state saturation recovery pulse sequence.
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Figure 1. "C spin-lattice relaxation behavior of*

the resonance at 33.0 ppm obtained by CPT1

pulse sequence.

Figure 1 displays that four spin-lattice relaxation times, Tc, are required to describe
completely the observed behavior. Similar spin-lattice relaxation behavior was also
observed for all samples with different draw ratios and molecular weights. From Figure 2,
it is clearly seen that the relaxation process of non-crystailine component can be
described by only one relaxation time of 0.37 s. Such behavior was also observed in all
other samples.
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Figure 3. °C spin-spin relaxation behavior of
the resonance at 31.5 ppm obtained by solid-
state ’C spin-echo pulse sequence.

Figure 4. Fully relaxed DD/MAS C NMR
spectra obtained by the 45° single pulse
sequence with recycle delay time longer than

the respective longest Tic.

The noncrystalline region seems to consist of only one componert considering from the
Tic value. As shown in Figure 3, this region can be separated into two components with
different spin-spin relaxation times (T¢) assigned as interfacial and rubbery amorphous
components. It can be suggested that these two components have different chain
conformation but show the same molecular mobility. Eight compenents, 1 monoclinic, 3
orthorhombic, 1 interfacial, 1 rubbery amorphous, and other two components around 33.2
and 33.6 ppm, were obtained from lingshape analysis of fully relaxed spectra as shown in
Figure 4. The first six components can be normally seen in isotropic samples. The
component at about 33.2 ppm having T¢ in the order of second is suggested, based on
scparated studies, to be chains with all-frans conformation which could be taut-tie
molecules that traverse the noncrystalline region. The 33.6 ppm component did not show
particular behavior, however, it was supposed to be also all-trans conformation. Figure 5
shows that the longest Tc increascs with increasing draw ratio and MW. It can be



suggested that, because of high entanglement density, the molecular chains in high

-
&

- = =
i : / /’J P ] iuz L /
iz /7, = A
NV B et
:= - . .’_‘____..ﬂ ; .3 . n;.

- W a3 a—a—s HQn HW)

L i S 18 1S M 15 3 35 48 45 S
Bww—ymia
Draw ratie

Figure 5. Plot of the longest Ty¢ for crystalline Figure 6, Plot of T7\c for noncrystalline
component at 33.0 ppm against draw ratios and component at 31.5 ppm against draw ratios and
MWs. MWs.

MW HDPE were easily stretched and their all-frans sequence became longer and also
more restricted than the lower ones. Figure 6 shows that, in contrast crystalline
component, molecular chains in noncrystalline component in low MW HDPE has more
restricted motion than in the higher one with increasing draw ratio. This may be due to
the smaller amount of entanglement density in low MW HDPE, so chain slipping
occurred easily, a little bit of chain stretching can increase Ty¢ significantly.
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Figure 7. Plot of Ty for interfacial component  Figure 8. Plot of T3¢ for rubbery amorphous
against draw ratios and MWs, component against draw ratios and MWs.

It can be seen in Figure 7 that T3¢ values of interfacial component were very short and
decreased with increasing draw ratio, and seem not to be affected by MW. This suggests
that restricted motion occurred in this component. For amorphous component, T values
increased with further drawing and increasing MW as shown in Figure 8. This suggests
that amorphous was occupied by highly mobile molecules. In accord to an increasing in
Tic for noncrystatline components, it can be suggested that this phenomena is dominated
by interfacial component. The increasing of mobility in amorphous component with
increasing draw ratio and MW may be due to the present of highly mobile molecules
which amorphous are separated out from the system.
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Introduction

Polyethylene (PE) exists in several different physical states and structures despite its very simple molecular structure.
Various techniques which are sensitive to different components or structures have been employed in order to gain as much as
mformation to deduce the structure and morphology. Among these are the existence of the interfacial phase, the existence of
the multicomponent crystalline phase, etc."” Solid-state "C NMR is one of the best techniques which could provide
snictural information for solid polymers. It has been used to identify the existence of two types of crystal forms and two
fpes of noncrystalline phases which have different °C chemical shifts. In addition, components which were claimed to be
the intermediate phases, having *C chemical shifts in between, have also been reported.” They were tentatively suggested to
msociate with the interface of the monoclinic and orthorhombic phases. In this study uniaxially drawn high density
polyethylene samples have been investigated by solid-state BC NMR spectroscopy. These sample were shown to contain
defects with very distinct morphology called as “Pisa structure.”®  Some results on the structure and dynamics of the
materials will be presented.

Experimental
Samples: Materials used in this study was high density polyethylenes grade 62008 manufactured by Bangkok

Polyethylene Pcl, Thailand. The material has a melt flow index of 0.5 g/l0 min and M = 2.5x10°and M / M, = 6.58.
Sheets were compression molded from pellets at 160°C and solidified by quenching in water. Dumbbell specimens were cut
ffom these sheets and drawn in a hot air oven set at 75°C at a speed of 100 mm/min. Samples were uniaxially drawn to draw
mlios of 9, 12x and 16x. They are designated as DPEY, DPEL2 and DPEL6, respectively.

Solid-State C NMR Spectroscopy: Solid-state ’C NMR spectra were obtained on a Chemagnetics CMX-400
gectrometer operating under a static magnetic field of 9.4 T. The MAS rate was set to 4 kHz. The 'H and C field strengths
By/2m were 62.5 kHz and the contact time for the cross polarization (CP) process was 0.5 ms. 3C spin-lattice relaxation
times (7)) were measured by the CPTI pulse
sequence or the saturation recovery pulse sequence
for solid-state measurements,

Results and Discussion

Figure 1 displays C spin-lattice relaxation
behavior of crystalline component appearing at 33
ppm of solid-state drawn polyethylene of draw ratio
16. The relaxation behavior cannot be described by a
single relaxation time as generally observed in
Boropic polyethylene."? However, in this sample
four spin-lattice relaxation times, 7)c, are required to
destribe completely the observed behavior.

Similar  spin-lattice  relaxation  behavior
destribing  with  four relaxation times was also

Magnetization
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ohserved for other samples with different draw ratios. 0 200 400 800 800 1000 1200
Full account for DPE9 and DPEI2 together with
DPE16 will be reported later. The fastest relaxed
gamponent has 7Tc in the order of second. 1n order to
dheck the existence of such fast relaxing component
and determine its '’C chemical shift, the 90° single

Time Is

Figure | '*C spin-lattice relaxation behavior of the resonance line at
33.00 ppm for DPE16, which was obtained by the CPT1 pulse sequence.

Solid-State '*C NMR Study of the Structure and Dynamics of Highly Drawn Polyethylene Samples
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Figire 2 Partially relaxed DD/MAS 'C NMR spectra
measured for DPEL6 by the 90° single pulse sequence with a
eeyole delay of 0.5 s.
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e Figure 4 "C CSA spectra of DPEI6 obtained without

40 35 30 25 MAS with the solid-state saturation recovery pulse

ppm from Me Si sequence with different delay times: (1) | 5, (2) 0.2 5; (3)

difference spectrum ({1) ~1.45x(2)), which should be the

I Figure 3 Fully refaxed DD/MAS BC NMR spectra measured fast all-trans component. (b) "C CSA spectra of the fast

l for DPE16 by the 90° single pulse sequence with recycle all-trans component (3} and the noncrystalline component
delay 5 times longer than the longest 7. (2) as demonstrated with the same integrated intensity.

wle sequence with a recycle delay of 0.5 s was employed and the result is shown in Figure 2. This component was found
r}uve a "C chemical shift value of 33.25 ppm, slightly higher than the value of 33.0 ppm normally observed for the
lline resonance line. The existence of this component was also confirmed by the line shape analysis of the fully
ed dipolar decoupled (DD)/MAS spectrum as shown in Figure 3. The chemical shift of this component suggests that it
uld have the atl-frans conformation and its very short T\c also implies very high molecular mobility. It is, therefore,
sed that this component could be the faut tie-molecules which traverse the noncrystalline region. To ascertain this
oposal, chemical shift anisotropy (CSA) spectra for components with short 7 values were recorded and resolved into
of the noncrystalline and fast all-frans components as shown in Figure 4. For the interfacial and rubbery amorphous
nents with the shortest T their CSA spectrum displays only slight asymmetry as expected. In contrast, the CSA
m of the fast all-trans component shows higher asymmetry but is still much narrower than that of the nonmal
rhombic crystalline phase, indicating high degree of motional averaging of the CSA. Fuwther CP/DD NMR
acterization of the all-frans component is in progress by setting the draw axis parallel or perpendicular to the static
etic field.
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e structure and dynamics of highly drawn polyethylene sarples were studied by solid-state '*C NMR spectroscopy. The analyses of the '*C
_in—lmtice relaxation time (T)¢) and the '*C spin-spin relaxation {ime (T3c) have revealed that at least three components with different 7 a2nd
i values, which correspond to the crystalline, less mobile non-crystalline, and rubbery amorphous components, exist for these materials, as in
f sz of isothermally crystallized samples. However, another component with a mass fraction of 0.13-0.18 exists which has a *C chemical
Il&'-'cry close to that of the orthorhombic crystalline phase but has an extremely small 7. Since this component is believed to have the all-trans
Hnrmmion, it is termed fast all-trans. The chemical shift anisotropy (CSA) spectra for various samples that have small T values have been
garded and resotved into those of the nos-crystalline and fast all-trans components. As expected, the CSA spectra of the less mabile non-
fualline and rubbery amorphous components that have the smallest T\ values display only a slight asymmetry. In contrast, the CSA spectrum
Ui fast all-trans component displays higher asymmetry. However, the spectrum is still much narrower than that of the normal orthorhombic
palline phase, indicating a high degree of motional averaging. It is proposed that this component should be a highly oriented non-crystaltine
miponent, which may exist as taut tie-molecules traversing the non-crystalline region. To account for the narrow CSA, this component must
'_ﬁ:zgo rapid fluctuation with large amplitudes at the torsional potential minimum in each C-C bond and possibly an additional random jump or
flisional rotation around the chain axis. Additional measurements obtained by aligning the draw axis of the sample parallel or perpendicular to
¥ ¥atic magnetic field indicate that the fast all-trans component is oriented along the drawing direction and subjected to rapid motion around the
fikis axis.

1006 Published by Elsevier Lid.
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yIntroduction

The structure and morphology of polyethylene, both in
i isotropic and oriented states, have received much
lention, The main reason for this is its simple chemical
fucture that can generally serve as a model for polymers.
Espite its simple structure, it is possible to produce various
Wysical states znd structures for polyethylene. Several
ghniques that are specific to different components or
fuctures have been employed in order to obtain sufficient
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information to deduce the structure and morphology of this
polymer. Some of these techniques are simple mechanical
measurements, dynamic mechanical analyses, DSC, optical
and electron microscopy, electron and X-ray diffractometry,
and Raman, Infrared, and NMR spectroscopy. To date,
although new findings are reported regularly, such as the
existence of the intermediate phase and the existence of the
multicompenent crystalline phase, several questions remain
10 be solved. Solid-state >C NMR is one of the best
techniques to provide structural information on solid
polymers. Using this technique, a weaith of information
can be obtained. In the simplest case, an isotropic chemical
shift of a chemically identical polymer depends on
conformation, packing, and relatively slow molecular
motion of the constituent chains. Further, sophisticated
pulse sequences and higher dimensional spectroscopy can
provide more detailed structural information.



In this paper, we investigate the detailed structure of solid-
file drawn high-density polyethylene by solid-state '*C NMR
speciroscopy. This technique was used to identify the existence
gl four phases—two crystalline and two non-crystalline—that
grhibit distinct °C chemical shifts, namely, the monoclinic
iystalline phase (MCP), the orthorhombic crystalline phase
{0CP), and the less mobile non-crystalline and rubbery
amorphous phases, respectively [1-3]. Since these components
tan be identified by solid-state '*C NMR, they were
gansidered. Although, the highly mobile non-crystalline
eamponent [4,5] was identified as a separate component, it is
o considered in this study. In addition to the above four
pises, components that were classified as intermediate
somponents having in-between '*C chemical shifts were also
ghserved [6,7]. They were assumed to be associated with the
MCP/OCP interface [6,7] or the crystalline/amorphous
ilerphase [7]. Such intermediate components have been the
subject of many investigations; largely by Raman spectroscopy
[8-11] and recently by NMR spectroscopy [12—14). This study
focuses on the intermediate component and describes the
detection of the oriented non-crystalline component that has
the all-trans conformation.

2. Experimental section
2.1. Samples

The material used in this study was a high-density
polyethylene, grade 6200B, manufactured by Bangkok
folyethylene Pcl, Thailand. This material has a melt flow
index of 0.5 g/10 min and M, =2.5X 10° and M,,/M,=6.58.
The sheets were compression molded from pellets at 160 °C
und solidified by quenching in water. Dumbbell specimens
were cut from these sheets and drawn in a hot-air oven set at
75°C at a speed of 100 mm/min. The draw ratios were
calculated using the separation of the ink marks printed on the
samples. The samples were drawn 1o draw ratios of 93X, 12X,
and 16, and they were designated as DPE9, DPE12 and
DPE1SG, respectively. Each drawn sample was cut into small
pieces using a sharp razor blade and packed into a magic angle-
spinning (MAS) rotor. :

2.2. Solid-state "2 C NMR spectroscopy

Solid-state '*C NMR spectra were primarily obtained using
a Chemagnetics CMX-400 spectrometer operating under a
static maguetic field of 9.4 T. The MAS rotor comprised a 7.5-
mm diameter zirconia rotor and the rate was set at 4 kHz. The
'H and "’C field strengths ¥B,/21 were 62.5 kHz and the
contact time for the cross polarization (CP) process was 1.0 ms.
1*C chemical shifts were expressed as values relative to
tetramethylsilane (Me,St) by using the CHy line at 17.36 ppm
of hexamethylbenzene crystals as an external reference.
Spin—lattice relaxations of the orthorhombic crystalline and
non-crystalline phases were measured by the CPT1 [15] and
solid-state saturatiopuecovery [3,16] pulse sequences, respect-
ively. The spin-spin relaxation 0f theé non-crystalline phase
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was obtained by the solid-state spin—echo pulse sequence
[3,16]. '*C chemical shift anisotropy (CSA) spectra of
components having smaller '*C spin-lattice relaxation time
(T\¢) values were obtained without MAS for each sample
packed in a MAS rotor using the solid-state saturation recovery
pulse sequence {3,16] by setting a short T)¢ delay time.

CP/dipolar decoupling (DD) '*C NMR spectra were
obtained for drawn samples at different temperatures on a
Chemagnetics CMX-200 spectrometer operating under a static
magnetic field of 4.7T. A JEOL CP/DD probe with a
goniometer was employed by setting the draw axis of each
sample parallel or perpendicular to the magnetic field. Most of
experimental conditions were approximately the same as those
for the measurements by the CMX-400 spectrometer, unless
described specifically.

2.3. X-ray measurements

The degrees of crystallinity of the drawn samples were
estimated using the X-ray diffraction patterns. The samples
were cut into small pieces and diffraction patierns were
recorded using a Nonius DIP2000 image plate system.
A monochromatized X-ray beam with a wavelength of
1.54 A produced by a rotating anode operating at 40 kV and
70 mA was used, Its intensity was integrated in the direction of
the incident beam. Three crystalline peaks and a broad non-
crystalline peak, all with Gaussian lineshape, were fitted to the
diffraction patterns at approximately 28 =15-30°. The degree
of crystallinity was calculated from the peak area of the
crystalline peaks [MCP (0013, OCP (110}, and OCP (200}] and
the total area.

3. Results
3.1. CP/MAS °C NMR spectra

Fig. 1 displays CP/MAS '*C NMR spectra of highly drawn
HDPE samples. It can be observed that the most prominent
feature of the spectra is the CH; resonance line of the OCP at
33.0 ppm. Small fractions of the MCP and non-crystalline
resonances are present downfield and upfield, respectively,
from the main resonance line. The fractions of components
cannot be deduced from the CP/MAS spectra due to differences
in their CP efficiencies. However, it can be simply observed
that the amount of the non-crystalline component at the upfield
shoulder tends to decrease with increasing draw ratio.

3.2. Spin relaxation behavior

3.2.1. 13C Spin-lattice relaxation behavior

In the CP/MAS spectra shown above, it can be observed that
sufficiently large quaniities of the crystalline and non-crystal-
line phases are present for spin relaxation studies. B3¢ spin-
lattice relaxation behavior was investigated for the resonance
line at 33.0ppm by the CPT1 pulse sequence to examine
whether this line contains some components with different 7 ¢
values as already reported for other polyethylene samples
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16,18,19]. With regard to DPE!6, the normalized peak
ht at 33.0 ppm is plotted against the T)c delay time in
. 2. It is found that a single exponential decay cannot be
ed to the observed result, and, therefore, multiple
ntial decay may be required [17]. As suggested by
Seral previous studies [3,16,18,19], an attempt was first made
L6l three lines of exponential decay to the results. An
uilisfactory fit was obtained since there is a low percentage
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Table |
Apparent mass fractions (w) and spin-lattice relaxation times (T} of
components coustituting the resonance line at 33.00 ppm

Parameters DPE9 DPE12 DPEI6§

Wa 0.11+0.01 0.06+0.01 0.07+0.01
The (5) 1.390.18 0.9010.18 1.10+0.14
we 0.16£0.02 0.10+0.01 0.11+0.02
T (5) 189438 9.8+3.0 227441
we 0.27+0.03 0.2940.02 0274002
15 () 126+ 16 95+12 150+ 14
Wi 0464 0.04 0.55+0.02 0.55£0.03
Toe (5) 519428 552420 606124

of the intensity that remains unfitted in the short time region.
A fit with four exponential decays was tried next, and the best
fit was obtained as shown in Fig. 2. DPE9 and DPE12 were also
found to exhibit similar behavior and required four exponential
decays. The reliability of the four-component analysis is very
high because the T|c values obtained differ significantly from
each other [17]). The resulis for all the samples are listed in
Table 1. It can be seen that the ">C spin-lattice relaxation
behavior for the 33.0 ppm region requires four differential
components with. a wide range of T¢ values. The character-
ization of the smallest T\ component will be made below and
the other three components should be assigned to the
orthorhombic crystalline components with different 7,¢ values
detected by this Ty analysis probably owing to the much less
contributions of other co-existing components, as seen in Fig, 6
later, and the smaller Tcs. It should be noted here that the
fraction reported in the table was determined by the peak height
in the CPT1 measurement. These values are not indicative of
the real mass fractions of the respective components in the
sample due to differences in the CP efficiency and line width.

The *C T,¢ values for the resonance line at 33.0 pprm range
from a few seconds 1o about 600 s. The largest T,¢ value for
each sample appears to increase with increasing draw ratio. On
the basis of these Tjc analyses, lineshapes of three
orthorhombic crystalline components, which can be described
as Lorentzians with different chemical shifts and line widths,
were determined by the subtraction method [20] for the
partially relaxed spectra, which were obtained using different
T\ delay times and used for the multi-coraponent lineshape
analysis of fully relaxed specira as described later.

The solid-state saturation recovery pulse sequence was
employed for the non-crystalline phase appeaning at 31.5 ppm
due to its fast relaxation behavior. Each recovery process can
be described by a single exponential as previously reponted for
isotropic polyethylene samples [3,16,18,19], and all the drawn
samples were found to have a Ty of 0.34 or 0.36 s, as shown in
Table 3.

322 %c Spin-spin relaxation behavior

The "*C spin—spin relaxation behavior was studied without
'H decoupling during the relaxation only for the non-
crystalline phase in each sample to examine the existence of
the rubbery amorphous component in the drawn samples. The
solid-state spin—echo pulse sequence [3,16] was used, and it
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'[Fg. 3. BC Spin—spin relaxalion behavior of the resonance line at 31,50 ppm for
BPE16, which was oblained by the solid-state '*C spin—echo pulse sequence.
Hlie peak intensities indicatzd by circles are plotted against the delay time for
Eh relaxation.

\was found that two components were required to describe the
‘decay in magnetization of the non-crystalline phase. The spin—
spin relaxation time, Ty, of one component was about 30 us,
and that of the other was about 700 ps. According to previous
{sudies for the isothermally crystallized isotropic samples
{3,16,19], they correspond to the interfacial and rubbery
amorphous components, respectively. However, the former
component should be called the less mobile non-crystalline
component compared to the rubbery amorphous component for
the drawn polyethylene samples. An example of the results is
shown in Fig. 3 for DPE16. Table 2 lists the results obtained for
all the samples. It can be observed that the Tac value of the less
mobile non-crystalline component decreases slightly with
increasing draw ratto while that of the rubbery amomhous
component increases with increasing draw ratio. It should be
poted here that some amount of the rubbery amorphous
component is involved even in highly drawn polyethylene
samples.

3.3. 90°F Single pulse measurements

3.3.1. Partially relaxed spectra measured with a
short recycle delay

In the spin-latiice relaxation behavior of the 33.0 ppm
resonance line shown above, a component with very fast
relaxation (Tc= ~1s) was observed. In order to confirm
the existence of this component, a 90° single pulse
measurement with a short recycle delay of 0.5s was
conducted. The spectrum displayed two peaks: one is close
to the position of the OCP and the other corresponds to the
non-crystalline component. The spectrum is dominated by

Table 2
Apparent mass fractions (w) and spin-spin relaxation times {7zc) of the non-
crystalline components appearing at 31,50 ppm

Parameters DPE9 DPE12 DPEIG

Wwa 0.96+0.02 0.96 £ 002 0.97£0.02
Tac (ps) 36416 301%15 208+15
g 0042001 0.0410.01 0.0310.01
T (us) 634 ms T 676440 786+44

@)

(b}

{c)
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Fig. 4. Partially relaxed DD/MAS *C NMR spectra measured for DPES (2),
DPE12 (b), and DPE16 (c) by the 90° single pulse sequence with a recycle
delay of 0.5s. A Lorenizian curve was filted at about 33.3 ppm for cach
partially relaxed spectrum and a smooth lineshape was obtained for the non-
crystalling component by subtracting the Lorentzian curve from each spectrum.

the non-crystalline component. As the draw ratio is
increased, the spectrum continues to exhibit two peaks;
however, the amount of the non-crystalline component
decreases. These results are shown in Fig. 4. For each
spectrum, a Lorentzian curve at about 333 ppm can be
fited to all the samples. This Lorentzian lineshape at
33.3 ppm is used for the multi-component lineshape analysis
of fully relaxed spectra, as described later. The lineshape of
the non-crystalline component for each sample can then be
obtained by the subtraction of the Lorentzian at 33.3 ppm
from the total spectrum,

The non-crystalline lineshape thus obtained is found to be
fairly broad and does not have a simple Lorentzian lineshape.
Attempts to separate the broad peak into multiple Lorentzian
peaks were not successful. To avoid complexities, the non-
crystalline lineshape is retained; further, it is used for the muiti-
component lineshape analysis of fully relaxed BC NMR
spectra, as described later. The non-Lorentzian lineshape of the
less mobile non-crystalline component has also been pre-
viously abserved in drawn polyethylene [18]. When we needed
to determine the mass fractions of the less mobile non-
crystalline and rubbery amorphous compenents, the non-
crystalline lineshape was further separated into these com-
ponents by the subtraction of the rubbery amorphous
component from the total non-crystalline lineshape in each
sample. Here, the lineshape of the rubbery amorphous
component, which was well assumed as a Lorentzian, was
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siied as a longer Toc component shown in Fig. 3 for each obtain the mass fraction of each component, fully relaxed

mple by the solid-state spin—echo pulse sequence [3,16}. spectra of the samples were recorded using a 90° single pulse
with recycle delay times that were greater than five times of the

Fully relaxed spectra largest T\c values in the respective samples. The spectra are
111 the relaxation results shown above, at least seven showa in Fig. 6 and multi-component lineshape analyses were
yonents constitute the "C NMR spectra of the samples; conducted on them using the constituent components described

Lorentzian corresponding to the MCP peak at 34.2 ppm, above. The least-squares method was used to obtain best fits for
i Lorentzians with different half-widths forming the OCP the fully relaxed spectra. Here, the non-crystalline components,
k at 33.0 ppm, one non-Lerentzian composed of two non- whose total lineshape is given as an upfield contribution in
#iline components similar to the cases of isotropic samples Fig. 4, were subtracted from each fully relaxed spectrum in
18], and an additional Lorentzian at about 33.3 ppm in  advance, for simplicity. In each least-squares fitting, only the
 drawn samples. The general procedure for obtaining the  chemical shifts and intensities of the three crystalline
er of components and the spectra of the components is components were fixed arcund their respective values that
wmarized in & flow chart shown in Fig. 5. The procedures to had been obtained by the subtraction method described above
erimentally determine their lineshapes and chemical shift  or by the T\ analysis shown in Table 1 and several fittings
tes were described above. In order to verify this finding and were conducted by changing their fixed chemical shifts and

PE sample

[ CP/MAS C NMR

I
| L

Crystalline at 33.00 ppm } Non-Crystalline (NC) at 3£.50 ppm
Orthorhombic Spin-spin relaxation behavior

(OCP) —L

Separation using Tae
Spin-lattice relaxation behavior T
] Number of NC components
Separation using Ti¢ and their spectra
] Single pulse with very
Presence of compenent short delay time to obtain
with very small T¢ position of very small T¢
component and its lineshape
1
Number of OCP and their spectra Fast all-trans at 33.3 ppm
T 1

L

Starting number of components and their specira

- 1
Fully relaxed spectrum ﬂ
Add extra component i Presence of Monoclinic
(if necessary) 1o get good fit Curve fitting (MCP) at 34.2 ppm

- Total peak positions, mass fractions

Qg 3. Flow chart for a gomevat proceduds in dexemumng the nuinber of components and their own spectra for the lineshape analysis of a fully relaxed spectrum for
dmwm polyethylcne. -
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_'Eg. 6. Fully relaxed DD/MAS '*C NMR spectra measured for DPES (a), DPE12
(B and DPELG (c¢) by the 90° single pulse sequence with recycle delay times
'Ifmpcr than five times of the Jongest T values for the respective samples. The
mws fractions of the less mobile non-crysiallice and rubbery amorphous
tamponents shown in Tables 3 and 4 were determined as described in the text.
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intensities. If no good fit could be ohtained, such a case was
neglected. When several good fits were obtained, then an
averaged value and its dispersion for each parameter were
determined in these fits for each sample.

As shown as the best fit case in each sample in Fig. 6, a
reasonably good fit was obtained in each drawn sample. The
main difference among the samples lies in the non-crystailine
region whose amount decreases as the draw ratio increases.
Another notable difference is the existence of a new additional
peak at 33.5 ppm, which is also described as a Lorentzian, for
the samples with higher draw ratios. Eight peaks are required
to satisfactorily fit the spectra of DPE12 and DPE16, while
seven peaks are sufficient for DPE9. The parameters of the
peaks are displayed in Table 3 [21]. The peaks that have
known or published ongins are stated explicitly as MCP,
OCP, and less mobile non-crystaliine and rubbery amorphous
phases. The peaks that do not currently have clear origins at
present are called all-trans. As evident from Table 3, these all-
trans components appear at about 33.5 and 33.3 ppm for all
the samples. The 33.5 ppm component is found only in
DPE12 and DPE16, while the other peaks are observed in all
the samples,

The mass fractions of the various components can be
surmmarized as follows, The fractions of the MCP and the ali-
trans component at 33.5 ppm, if present, range from about 0.07
to 0.08. The mass fraction of the ali-trans component at
33.3 ppm is as somewhat high as approximately 0.16 for all the
draw ratios. The OCP mass fractions for DPE9, DPE12 and
DPEI6 are about 0.59, 0.57, and 0.63, respectively. The
fraction of the less mobile non-crystalline compeonent
decreases from 0.20 to 0.14 and further to 0.1! with increasing
draw ratio, while it remains as low as 0.01 for the rubbery
amorphous component. These results appear to suggest that the
entire OCP increases as the less mobile non-crystalline
component decreases.

Table 3
The numerical results obtained by the lineshape analysis of the fully relaxed spectra for different samples
Peak 1 MCP  Peak 2 Peak 3 Peak4OCP1 Peak SOCP2 Peak 6 OCP3  Peak 7 less Pcak 8
all-trans all-trans mobile non- rubbery
crystalline amorphous
DPED
Chemical shift (ppm) 34271004 - 33.28+0.01 33.01+0.01 33.01+£0.01 33.02+001 31.50 30.50
Ty (s) - - 1.39+0.18 189+38 126+ 16 519428 0.34 +£0.0t 0.3410.0!
Tac (s} - - - - - - 316116 684143
Half-width {ppm} 060+0.11 - 1.2440.20 0714013 0.65+0.11 0.48+0.10 ~2.26
Mass fraction = 00240005 0 0.18§+0.02 0.13+0.02 0214002 0.2510.02 020%0.02 0.01+0.005
LPE12 -
Chemical shift (ppm) 3425 i0r03 33544002 33274001 33.00+0.01 32.99+0.01 32971004 31.50 30.50
Tic (8 - <16t 0.90+0.18 9.8+3.0 95+12 552420 0.34 1000 034100
Tor (1s) - - - - - - 301+ 1.5 676140
Half-width (ppm) 0.83+0.11 0.64 £0.12 1.24+0.20 0.57+0.11 047%0.12 0.434+0.12 ~2.50
Mass fraction 0.04 £0.01 0.0810.02 0.1610.03 0.09+0.01 0.171+0.02 0311002 0.14+0.02 0.01+0.005
DPE1G
Chemical shift (ppm) 34261002  33.57£0.01 33.2340.01 32.9910.01 32.99+0.01 32944001 31.50 30.50
Tie (8) - <16° 1.10+0.14 227+4.1 150+ 14 606 +24 0.36+£0.0¢ 0.36+0.01
Tae (115) - - - -~ - - 29.8+1.5 786444
Half-width (ppm) 0.7210.06 05610.15 1.35+022 0.73+0.14 0.52£0.11 0.37£0.10 ~2.53
- Mass fraction - 0.05 FO0K 007£0.02 0.13+0.02 0.12+0.02 0.21+0.02 0.30+0.02 0.11+£002 0.01 +0.005

* Estimated approximately using the delay time at which the peak disappears in the spectrum measured by the CPT1 pulse sequence.
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As far as solid-state '3C NMR is concerned, there are only
lo known positions for the crystalline region, i.e. 34.2 ppm
lithe MCP and 33.0 ppm for the QOCP. This results in degrees
firystallinity of about 61, 61 and 68% for DPE9, DPE12, and

16, respectively. These values are very close to those (59,
and 69%, respectively) estimated by wide-angle X-ray
tometry.

The appearance of two new peaks observed at 33.5 and
Bippm in specific cases is notable since they are not
i_urally observed. The 33.5 ppm peak, which is 0.5 ppm
bmﬁcld of our OCP, is believed to be equivalent to the
fdppm peak observed for the UHMWPE nascent reactor
fider in which the OCP peak is observed at 32.8 ppm [7).

33.3 ppm peak, which is about 0.3 ppm downfield of our
, is believed to be equivalent to the 33.0 ppm peak
rved for ultraoriented polyethylene in which the OCP peak

ghserved at 32.8 ppm [6].

The effects of temperature on the various components

ribed above were studied in DPE12. The fully relaxed
m of the sample was recorded at 60 and 80 °C, and the
gshape analysis of the spectrum was carried out. The results
listed in Table 4. The results obtained at room temperature
°C) are incorporated in the table to facilitate comparison.
fill °C, the fully relaxed spectrum can still be separated into
ght peaks but with different mass fractions. When the
mperature is increased to 80 °C, the fully relaxed spectrum
be separated into seven peaks: the peak at 33.5 ppm is
d to disappear. Attempts were made to fit a curve assuming
presence of a peak at 33.5 ppm, but none resulted in a good
It can be, therefore, concluded that, as the temperature
ses, the fraction of the all-trans component at 33.3 ppm
reases, while that at 33.5 ppm decreases and finally
ppears at 80°C. As seen in Table 4, changes are also

observed in other components; however, they will be
investigated in another study.

3.4. Chemical shift anisotropy

From the above results, the component at 33.3 ppm was
observed in all the drawn samples. This component was found
to have a very small T value of the order of 1 s. The chemical
shift at which it appears suggests that this component should
have the all-trans conformation. Its small 7, value suggests
that it may undergo rapid local fluctuation with rates
comparable to the 3C Larmor frequency. In order to obtain
more detailed information about molecular motion of this
component, the CSA spectrum of this component was
evaluated.

Fig. 7 displays the CSA spectrum of DPE9 obtained by the
solid-state saturation recovery pulse sequence {3,16] using a
T delay time of 1 5. The spectrum was resolved into the non-
crystalline and fast all-trans components using the difference
between their T values. The latter spectrum (3) was obtained
by the subtraction of the former spectrum (2) measured at a
delay time of .2 s from the total spectrum (1). It can be
observed that both components do not exhibit the static CSA
powder pattern of polyethylene orthorhombic crystals [19]: the
non-crystalline component (2) exhibits a nearly symmetric
peak while the fast all-trans (3) displays a slightly larger
contribution at a lower field {22). A similar trend is observed
for DPEI16, as shown in Fig. 8, however, the CSA spectra of
both the non-crystalline and fast all-trans components are
broader than those of DPE9 [23].

The CSAs of the randomly oriented samples shown above
can only provide an overview of the average motion of the fast
all-trans component at 33.3 ppm in the samples. To obtain
specific information regarding the orientation and the mode of

W 4
b numerical results obtained by the lingshape analysis of the fully relaxed spectra for DPE12 at various temperatures
i Peak t MCP Peak 2 Peak Peak 4 OCP1  Peak 5 OCP2 Peak 6 OCP3  Peak 7 less Peak 8
all-trans 3 all-trans mobile non- rubbery
I crystalline amorphous
j'C
Chemical shift (ppm) 34251£003 33541002  3327+001 33.0010.01 32991+0.01 3297+001 3150 30.50
Iic (s) - <16* 050+0.18 98430 95112 552420 0.344£0.01 (.3440.01
Tic (us) - - - - - - 361115 67640
Aif-width {ppm) 083%0.01 0.6410.12 1.24+0.20 0.57+0.14 047+0.12 0.4340.12 ~2.50
E‘l.-lass fraction 0.0440.0!1 0.08+0.02 0.1610.03 0.09 £0.01 0.17£0.02 0.314£0.02 0.1440.02 0.01 +.005
5 -
{Chemical shift (ppm) 34294002 33691003 33.26+001 33.0310.01 33.03£0.01 33.00£0.01 31.50 30.87
Tie () ~ To<16 1.53+024 10.2+29 942414 309417 0.4810.02 0.48+0.02
Tag (ps) - - - - - - 341122 684 148
|1luif—wid[h {ppm) 1.46+0.15 0.86+0.16 [.274+0.15 1.10+0.14 092+0.12 0.9240.13 2.19 1.97
Mass fraction 0.07£0.0t 0.01+0.005 0.16+0.02 0.05+£6.02 0.15+002 0.17+0.02 0.191+0.02 0.10+£0.01
hc
| Chemical shift (ppm) 34.35+0.01 - 33.27+0.01 33061001 33.07+001 33.04%0.01 31.50 30.50
T (s) - - 1.22+0.12 97120 344110 250+13 0.731+0.02 0.73£0.02
Toc (us) - - - - - - - 38.1£23 838150
Half-width (ppm) 1.6210.14 - 1.45%0.15 1.251+0.13 1.2240.13 1.18£0.14 2.30 1.53
Hlass fraction 0.17+0.02 0.43+0.02 0.16+0.02 0.17+0.02 0.191+0.02 0.13£0.02

0.05 tJO.Ol 0

-4

* Estimated approximately using the déa;f“ﬁmé' at which the peak disappears in the spectrum measured by the CPT1 pulse sequence.
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$iz. 7. (a) °C CSA spectra of DPE9 obtained without MAS by the sofid-state
Wsuration recovery pulse sequence with different delay times: (1) | s;(2) 0.2 s;
13} difference spectrum ((1) —1.87X(2)), which should be the fast all-trans
Emmponent. (b) 13C CSA spectra of the fast all-trans component (3) and the
pon-crystalline component (2) as demonstrated with the same integrated
intensity.

motion of this component, a CSA spectrum of DPE12 was
measured further by aligning the draw axis parallel or
perpendicular to the static magnetic field By using a CP/DD
¥"C NMR probe with a goniometer. The spectra were recorded

{3

{b) .
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Fig. 8. ’C CSA spectra of DPE16 obtained without MAS by the solid-state
saturalion recovery pulse sequence with diferent delay tmes: (1) 1 5;(2)0.2 5;
{3) difference spectrum ((1) —1.45X(2)), which should be the fast all-trans
component. {b) 1*C CSA spectra of the fast ali-trans component (3} and the
non-crystalline compongpledd) as-demopstated with the same integrated
intensity. T e .
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Fig. 9. °C CSA specira of the fast all-trans component obtained for DPEIZ at
different temperatures by setting the draw axis of the sample parallel (a) or
perpendicular (b) [o the static magnetic ficld.

at room temperature, 60 and 80°C using the solid-state
saturation recovery pulse sequtransence with short delay times
of 0.5 and 2 s. Initially, the background contributions obtained
by blank measurements were subtracted from the respective
CSA spectra; then, the spectrum of the fast all-trans component
was obtained by subtraction of the two spectra obtained for
delay times of 2 and 0.5 s in a parallel or perpendicular setting.

Fig. 9 shows the CSA spectra obtained for the fast all-trans
component when the draw axis is aligned parallel (a) and
perpendicular (b) to By at different temperatures. In the parallel
setting, a single peak is observed at 18.2 ppm, and it becomes
slightly wider and more intense as the temperature increases.
When the draw axis is perpendicular to By, a considerably
broad singlet is observed at about 36.9 ppm at room
temperature. As the temperature is increased, the peak becomes
significantly narrower and more intense.

4. Discussien

1t is worthwhile to summarize a few points at the beginning
of this section. It was found that several components constitute
the fully relaxed '>C NMR spectra of highly drawn PE



mles. These include MCP, all-trans at 33.5 ppm, all-trans at

ppm, three OCPs, and less mobile non-crystalline and
amorphous componeats. The first six components are
ed of segments that have the all-rans conformation. If
are regularly packed into three dimensional cells, they
ld form eitber the MCP or the OCP. The last two
smponents, the less mobile non-crystalline and rubbery
sorphious components, are really non-crystalline, 1t should
hotéd that the rmbbery amorphous component in this case
Miists of a portion of chains, which adopt a statistically
ilom conformation and undergo rapid trans-gauche
dthange in each C—C bond. In contrast, the less maobile non-
Stalline component is subjected to relatively restricted
Wiwer motion associated with a smaller 75 value, and it
ins a significantly higher fraction of trans conformation
b the rubbery amorphous component [3,16,18,19]. It is
sportant to recognize that similarity cannot be assurned
een Lhe interfacial component observed by Raman
ftroscopy and the component mentioned above that is
irately detected by NMR spectroscopy. It is known that the
er contains chains, which adopt the all-trans conformation
Wtlack lateral order. It is, however, important to acknowledge
i there exists a critical sequence length that can be detected
S uparticular band. For example, the 1130 cm ™! band, which
{ssociated with CHj in the all-trans conformation, may be
ierved if the sequence length is longer than 18 methylene
wils [25,26].

The fact that polyethylene contains multiple components

W been reported in many studies. It has been shown that T
#the OCP increases with lamellar thickness. It has been
Wpwested that the OCP with the smallest Tic may either
Mpresent segments in crystalline regions that are closer to
ierfaces, or it should be ascribed to very thin or defective
_Eciiae if they exist. The component with the largest T, is the
e of tamellar crystallites [19,20,27].
‘Recently, the concept of chain diffusion as a mechanism for
yi-lattice relaxation was proposed [28]. Although supporting
Sgeriments have been documented [17,29-31], there is a
llzrepancy between the observed relaxation and that predicted
U ane-dimensional chain diffusion [19,20]. In addition, using
§bery large number of samples, it was demonstrated that two
!}:Z]’s with distinct dynamics exist in polyethylene [6]. It was
ol clarified if these two OCPs are related to two of the three
spmponents with different T cs that are generally observed in
mlyethylene [3,16,32-34]. In our study, it was found that the
mgonance line at 33.0 ppm can be separated into four
somponents. The fourth component, which has not been
whigrved before, was found to have a very small T\ ranging
fum 0.9 1o 1.39 5 and a chemical shift of about 33.3 ppm. This
peak will be focused upon as it is fairly large and its nature is
imihear.

The conformation of the fourth component will be
mpsidered first although the all-trans conformation was
previously assumed. It is known that an isotropic chemical
shift depends on the conformation as well as the packing of
thains. Since the chamical shift of this component is higher
than that of the OCP and any deviafior® from the conformation
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in this state would lower the chemical shift, this component is
understood to have the same all-trans conformation as the OCP
but with different packing. As the T¢ value of this component
is very small, ranging 0.30-1.39 s, it appears to have a very
high mobility. This observation is consistent with its narrow
CSA spectrum, which will be discussed later.

As already mentioned, this component at 33.3 ppm has been
previously observed in ultradrawn PE fiber and is tentatively
suggested to be associated with the monoclinic/orthorhombic
interface [6]. However, in this study, the mass fraction of this
component was estimated to be much higher than that of the
MCP. Therefore, the component at 33.3 ppm cannot be
attributed to the monoclinic/orthorhombic interface. It is
possible that the component at 33.3 ppm can be assigned to
chains that have the all-trans conformation but without lateral
order, ie., the highly oriented non-crystalline component
having the all-trans conformation. However, for the NMR 10
recognize the all-trans conformation, the sequence length
should preferably be greater than about 10 am {(or about 80
methylene units) because the introduction of about 5% of the
gauche conformation would be sufficient to induce an upfield
shift of less than approximately 0.25 ppm due to the motional
average of the vy-gauche effect [35] that is produced by the
rapid migration of the gauche conformatons along each
sequence,

A similar all-trans component with a small T, value may be
deduced from the spectrum of the non-crystalline component
of stretched UHMWPE [1]. The chemical shift of this
component is very close to that of the OCP, but it was not
determined. Moreover, no comments were provided for the all-
trans component. Recently, this component was also observed
in isotropic polyethylene [12], gel-spun polyethylene fibers
[13,14], and vitradrawn polyethylene fibers [5] at a fraction of
about 0.20, 0.30, and 0.05, respectively. However, the
chemical shift values in these cases were reported to be the
same as the value of the OCP. We cannot explain these
observations; however, careful inspection of a particular
spectrum in Fig. 10 of Ref. [14] reveals slight asymmetry on
the downfield shoulder of the OCP peak. This asymmetry
appears to be caused not by the MCP peak but by another peak
at a slightly downfield than the QCP. This issue can only be
resolved by the lineshape analysis of spectra that were newly
developed on the basis of the detailed T\ and T»c analyses in
this study.

Additionally, it should be noted that there exists a difference
in the meaning of ‘intermediate phase’ employed by
Wunderlich’s group {12-14] and our all-trans non-crystailine
component. The former was deduced from a fast relaxing
orthorhombic crystalline peak that may have had a T\ of the
order of 1-20 s. This ‘intermediate phase’ has been suggested
10 have a structure similar to that of the OCP with the exception
thati the chains are able to reorient themselves around their axes
at high rates. It should also be noted that such a fast relaxing
OCP has been observed previously [3,16,19,20,32,35];
however, it was treated as an OCP and not as an ‘intermediate
phase.” Thus, it would be useful to compare it with a recent
finding by one of the authors [36]. In that research, as-received



‘i annealed cthylene ionomers were studied by solid-state '>C

MMR. Although not discussed in that work, the OCP in the

former ionomers was found to exhibit a chemical shift of

proximately 33.4 ppm. After annealling, the peak shifted

t 0.3 ppm upfield to the position that is generally observed

of the OCP. This may be partially related to the packing, as
tiscussed above.

The fast motion of the all-trans non-crystalline component is
tnfirmed by the significantly narrow CSA spectra, as shown in
Hgs. 7 and 8. The CSA spectrum of the non-crystalline
wmponent in DPEY is slightly asymmetric and very similar to
Bit observed in the drawn PE [18] with the exception that jts
Mlf width is about twice as that observed in the present study.
here is slight anisotropy in the non-crystalline component.
his observation can be easily understood by recognizing that
Aich anisotropy is greatly reduced in this component because
Wans—gauche exchanges are induced along with large-
implitude fluctuation around the torsional potential minima.
The non-crystalline region in the present samples is primarily
wmposed of the less mobile non-crystalline component. It
hiould be noted that our non-crystalline CSA lineshape is very
different from that reported by Hughes et al. {37] and Liu et al.
8] in which the CSA was very large. The CSA spectrum of
‘b fast all-trans component displays slightly higher anisotropy
lin that of the non-crystalline component. When the draw
‘utio is increased to 16, the CSA spectra of both the non-
snstalline and fast all-trans components become wider.
Jullowing the above reasoning regarding the shape of the
U8A spectrum, it can be concluded that both the non-
Srystalline and fast all-trans components in DPE16 have higher
Wructural distributions and anisotropy. In other words, both
on-crystalline and fast all-trans components become more
‘unented. This is in good agreement with the observation of
Migeon et al. [10] who showed, by Raman spectroscopy, that
‘lhe orientation of the all-trans component increases with the
\aw ratio. The fact that the CSA spectrum of this all-trans
:._apmponent is much narrower than that of normal orthorhombic
tystalline phase suggests a high degree of motional averaging
".'h this component. However, as mentioned by Hu et al. {17]
“and demonstrated by our recent CSA simulation [39], the CSA
‘gpectrum is not greatly averaged when the chains having the
Wlirans conformation undergo diffusional rotation around the
“ghain axis even under the fast limit condition. It should be,
\ierefore, assumed that rapid fluctuation with fairly large
amplitude may be allowed in the torsional potential minimum
im each C-C bond for the fast all-trans component.
Consequently, this fast all-frans component should be non-
arystafline and may exist as taut te-molecules.

To clarify the above issue, the orientation and mode of
motion of the fast all-trans component at 33.3 ppm will now be
considered. In the CSA spectra shown in Fig. 9(a), a singlet is
observed at approximately 18.2 ppm for this component in
DPE12; the draw axis of this sarople was set parallel to the
static magnetic field Bg. This value is very close to the principal
value 755 of the chemical shift tensor for orthorhombic crystals
of polyethylene [40l-indieating that the chain axis of the fast
allirans component may bealfEned along the drawing
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direction. As the temperature is increased, the peak becomes
wider and more intense. An increase in the intensity of the peak
can be interpreted as an increase in the amount of the fast all-
trans component with increasing temperature. The greater
width of the peak suggests a slight deviation in the chain axis of
the component away from the draw axis. Such a situation is
likely since highly oriented polymers are known to have a
negative thermal expansion coefficient in the drawing direction
(or c-axis). Such contraction as a result of heating would allow
greater off-axis motion,

When the draw axis is aligned perpendicular to By, a fairly
broad single peak is observed at room temperature at about
36.9 ppm, as shown in Fig. 9(b). The spectrum does not exhibit
a doublet at the principal values o), and o, of the chemical
shift tensor [40]; this suggests that the fast all-trans component
undergoes enhanced molecular motion around the chain axis,
which in tum is perpendicular to By. As the temperature is
increased, the peak becomes narrower and more intense. As in
the case of parallel alignment, an increase in the intensity of
this peak is also attributed to an increase in the amount of the
fast all-trans component. However, the sharper peak that is
observed when the temperature increases may be due to faster
motion of this component around its chain axis. These results
clearly indicate that the fast all-trans component is highly
oriented in the drawing direction.

The fact that the amount of the fast all-trans component
increases with temperature may require further examination. In
this section, we consider the results of the lineshape analysis
for the fully relaxed spectrum of sample DPE12 listed in
Table 4. As indicated in the ‘Results’ section, the fraction of
the fast all-trans component increases with temperature while
that of the all-trans component at 33.5 ppm decreases with
increasing temperature and disappears at 80 °C. Therefore, it is
likely that the all-trans component at 33.5 ppm would
transform into the fast all-trans component at 33.3 ppm as
the lemperaiure increases.

In the above discussion, it should be noted that the fast all-
trans component at 33.3 ppm is associated with isolated chains
that have the all-trans conformation. These chains are not
crystalline, and they can be considered as taut chains that
traverse the non-crystaliine region. Since it has been previously
suggested that these all-trans sequences should be longer than
10 nm to be detectable by NMR spectroscopy, these taut chains
may be in the interfibrillar region. Further, it is likely that these
chains are located in the lateral intercrystallite region since
drawn polyethylene is known to have long crystallites with
lateral dimensions of approximately 1013 nm [41]. However,
adequate information is not available for the all-trans
component at 33.5 ppm. A separate estimation using the
CPT1 pulse sequence indicated that this component appears to
have a significantly larger T\ value than the fast all-trans
component, as seen in Table 3. Therefore, it can be proposed
that this component may be a cluster or group of chains having
the all-trans conformation. The packing of these chains may
not be as regular as in the case of the OCP or the MCP. Upon
heating, the molecular motion will be greatly enhanced, and
contraction in the chain axis and expansion in the transverse



fiion may cause dissociation of this cluster, leading to
chains. Such dissociation would result in an upfield
of the resonance line. Conseguently, the all-trans
nent at 33.5 ppm will disappear and the behavior of
porresponding chains will be identical to that of the fast all-
i component at 33.3 ppm.
addition to the above discussion regarding the nature of
fzst all-trans component, structural transformation clearly
s during the drawing. The mass fraction of the less mobile
g-crystalline compeonent decreases and that of the OCP
es. As the samples are composed of many components,
cing the transformation route is presently very difficult.
ly, it should be noted that the lineshape analysis in terms
e seven or eight components developed for the PE samples
is study would be unambiguously available for the spectra
ned under a static magnetic field higher than 9.4 T due to
resulting higher resolution.

}C&nclusions

The structure and dynamics of several components,
icularly those of the oriented non-crystalline component,
nt in highly drawn polyethylene samples were studied by
-state '*C NMR spectroscopy. In general, the degree of
Wiallinity increases with the draw ratio. Each longitudinal
ation decay curve of the resonance line at 33.0 ppm is
id o be composed of four components that have different
values, while the transverse relaxation decay of the non-
Hitalline component is composed of two components having
Fcrent Tycs. The drawing appears to mainly affect the 7¢
flies in a manner such that these values increase with the
t:: ratio. The fully relaxed spectra have been resolved into
n or eight components. In addition to the six resonance

that are generally observed in the isotropic samples as one
oclinic, three orthorhombic, and two non-crystalline
inponents, two additional peaks are found to exist 0.3 and
Eppm downfield from the orthorhombic resonance line. By
Eining the broad half-width, small T value, and narrow

of the former peak as well as by comparing the mass
tions with the degree of crystallinity determined by X-ray
ractometry, the former peak is ™ assigned to the non-
talline component with the all-trans conformation that
whably exists as taut-tie molecules. It is suggested that the
of lateral order may allow those chains to undergo rapid
om jump or diffusional rotation around the chain axis.
lnreover, it can be assumed that each chain may be subjected
r;:pid fluctuation with fairly_large amplitudes around the
ional potential minimum in €ach C~C bond as deduced
En the narrow CSA. Additional experiments also confirmed
fut these fast ali-trans chatns are aligned in the draw direction
und that rapid motion occurs around their chain axis. The
wesults of the component that appears 0.5 ppm downfield from
iie orthorhombic resonance line suggest that the component
&1 be considered to be a cluster or a group of chains that have
fhe all-trans conformation. At room temperature, they appear
downficid due 1o packing. As-a result of increased motion at
ligher temperatures, they may dissdeiate themselves and

N. Chaiyut et al. / Polymer 47 (2006} 2470-2481

behave in the same manner as isolated chains having the all-
trans conformation and, namely, as the fast all-trans
component.
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ABSTRACT :

Drawing of polymers, especially those with semicrystalline nature, can improve mechanical
properties significantly. However, there is a limit to which the materials can be drawn, depending
on various factors. The achievable properties of these drawn materials are still many times lower
than those theoretically predicted. Therefore, characterization of the internal structure becomes
important in understanding the mechanical behavior of polymers. Recent studies of longitudinal
morphology of highly drawn high density polyethylenes suggested that near breaking point a
special structure would develop. In this study particular attention is paid to the development of
longitudinal morphology in highly drawn high density polyethylenes (HDPE) with various draw
ratios. Molecular motion and local mechanical properties of drawn HDPEs were also studied with
solid-state '*C NMR and atomic force microscopy (AFM).

HDPE with different molecular weights and selected blends were used. HDPE sheets with
three cooling conditions, i.e, quenched, medium cooled and slowly cooled were prepared to obtain
different initial morphologies. HDPE samples were drawn at various drawing conditions to various
draw ratios and their longitudinal morphologies examined under scanning electron microscope
(SEM)} after acid etching. Two types of defects containing a large number of parallel longitudinal
etched pockets laid in the regions between almost parallel continuous transverse bands or ‘Pisa’
structures and transverse cracks were observed. The appearance of these defects was found to
correlate with molecular weight, thermal treatment and drawing level of the samples. Analysis of
the band separation of the ‘Pisa’ structure showed that there seemed to be a characteristic value of
4-6 pum as previously suggested for all HDPEs studied. However this value depended on drawing
temperature. With increasing temperature the value shifts higher. Some blend samples of high and
low molecular weight HDPEs were also studied and a similar characteristic was observed. In
addition, the behaviour of the blends was found to be in between its respective HDPE.

The molecular motion and structure of highly drawn po]yethylene samples with different
molecular weights and draw ratios were studied by solid-state "C NMR spectroscopy. The
analysis of the °C spin-lattice relaxation time (Tic) and the *C spin-spin relaxation time (T3c)
revealed that at least three components with different Ti¢ and T, values, which correspond to the
crystalline, crystalline-amorphous interfacial, and rubbery amorphous components, exist for these
materials, as in the case of isothermally crystallized samples. However, an additional component
exists which has a "’C chemical shift very close to that of the orthorhombic crystalline phase but
an extremely small T)c. This component is proposed to have the all-trans conformation without
lateral order. e

Atomic force microscope {AFM) was used to distinguish the difference in fine scale
mechanical properties between regions of pocket and band contained in the highly drawn sample.
it was found that different mechanical properties such as hardness and interaction force between
these two regions can be detected.

Fibers of some neat HDPEs and some blend samples were prepared and investigated in this
study. It was found that by adding low molecular weight HDPE into high molecular weight HDPE,
fiber with higher maximum draw ratio could be prepared. As a result, fibers with higher tensile
modulus and strength were obtained.

KEY WORDS: POLYETHYLENES/ PISA STRUCTURE/ SEM/ SOLID STATE
— 2C NMR/ AFM
170 P. ISBN 974-04-6741-5
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Abstract

Development of longitudinal morphology in highly drawn high density
polyethylenes (HDPE) has been studied. HDPE with different molecular weights
were used. HDPEs quenched from the melt were drawn at 75°C to various draw
ratios and their longitudinal morphologies examined under scanning electron
microscope (SEM) after etching. As reported previously, defect with parallel
longitudinal etched pockets laid in the regions between almost parallel continuous
transverse bands or ‘Pisa’ structure was found. Attention was paid to the
development of this type of defect. Analysis of the band separation of the ‘Pisa’
structure showed that the band distance started off with a rather typical value of 4-6
um as previously suggested for all HDPEs studied. As drawing proceeded, the-
distribution curve of the band separation may change depending on molecular weight
of the HDPE. For low molecular weight sample, the distribution pattern remained
relatively unchanged with draw ratio. For high molecular weight sample, the
distribution changed in a way that fraction with large band separation increased.
These findings confirmed the previously reported results. Thermal treatment was
found to have little effect on the distribution of band separation. Increasing drawing
temperature was found to result in larger band separation. Difference in drawing

mechanism between different molecular weight was proposed.

Keywords: drawn polyethylene; longitudinal morphology



1. Introduction

Drawing is known to improve mechanical properties of various polymeric
materials. Provided that drawing is effective, higher draw ratio would results in
materials with higher mechanical properties. In most cases, drawing is limited to a
certain value depending on molecular weight, drawing condition and more
importantly the type of polymers. Certain group of polymer are capable of being
drawn to very large draw ratio due to the presence of a-relaxation process such as
polyethylene, polypropylene (PP), polyoxymethylene (POM). Drawing of this group
of polymer could, however, be limited by entanglement [1, 2, 3] and the formation of
internal defects [4, 5, 6, 7, 8, 9]. Recently longitudinal morphology containing a large
number of parallel longitudinal etched pockets laid in the regions between almost
parallel continuous transverse bands or ‘Pisa’ structure was found in polyethylenes
drawn close to their breaking points [10]. Morphology resemble to this was also
found in drawn product of other polymers such as PP [9] and POM [8]. It is this type
of longitudinal morphology that is the main focus of the present paper. Development
of the ‘Pisa’ structure during drawing was followed and distance between bands
measured. The distribution of this distance in samples with different molecular
weight, thermal treatment and drawing conditions was discussed in relation to

drawing mechanism.

2. Experimental

The materials used were commercially available HDPEs grade Thai-Zex 1600J,
2208) and 6200B obtained from a local manufacture, Bangkok Polyethylene,
Thailand. The melt flow indices of these materials were 12, 4 and 0.3 g/10 min (2.16

kg, 190°Q,¢espe£1iy‘§1y. _The molecular weight characteristic of these materials was



the same as that used in previous study [11]. Sheets were prepared by compression
molding from polymer pellets at a temperature of 160°C and then crystallized by
guenching in cold water. Additional thermal treatments were also carried out by
either leaving the melt to solidify in hot water (60°C) or leaving the melt to cool
slowly at a rate of approximately 1 °C/min in a platen heater. These samples would
be called medium cooled and slowly cooled, respectively. Dumbbell specimens
(gauge length = 20 mm and width = 5 mm) were cut from the sheets. The specimens
were drawn with 2-stage drawing. The specimens were firstly drawn to low draw
ratio at 75+1°C at cross head speed of 100 mm/min using an Instron tensile testing

machine and then further drawn at different conditions; 75°C, 100 mm/min, 75°C, 10

mm/min, and 100°C, 100mm/min, respectively. The draw ratio was calculated from
the separation of ink marks printed on the original surface. To prepare the specimen
for SEM, the drawn samples were embedded in Kraton® block copolymer (Shell).
The longitudinal surface was removed with a glass knife in a microtome. The
exposed surface was etched with permanganic reagent [12] for 2 h at room
temperature, with 1% solution of potassium permanganate in a 10:4:1 (by volume)
mixture, respectively, of concentrated sulfuric acid, 85% orthophosphoric acid and
water [13]. Surface morphology of etched specimen was observed with Hitashi-
S2500 scanning electron microscope operating at 15 kV. The image was analyzed

with the aid of UTHSCSA Image fool Program [14].

3. Results
Results from previous study [11] showed that molecular weight had strong

effect on the formation of ‘Pisa’ structure through entanglement density. Samples

investigafsa' Wél%"’@()@B, 2208] and 1600J in the order of decreasing molecular



weight. Figure 1 shows SEM micrographs of longitudinal morphology of drawn
quenched 6200B with draw ratios of 13x, 14x and 16x. At low draw ratio of 13x, it
can be seen that the ‘Pisa’ structure starts to develop. Transverse cracks can also be
seen at this draw ratio. At this early stage of formation the bands are not quite clear,
etched pockets are quite short and transverse cracks are small in quantity. When
specimens were drawn to higher draw ratios of 14x and 16x, respectively, bands
become more distinct, etched pockets longer and transverse cracks also tend to
increase in number. This general trend is also displayed in drawn quenched 2208]
and 1600J. The draw ratio at which ‘Pisa’ structure can be observed is shifted to
higher value for lower molecular weights. It was 17x for quenched 2208J and 24.5x
for 1600J. SEM micrographs of longitudinal morphology of drawn quenched 2208]
with draw ratios of 17x, 21%, and 24.5x are shown in Figures 2 (a) — (¢) and of drawn
quenched 1600J with draw ratios of 24.5x, 26.3x and 28.5x are also shown in Figures
2 (d) - (f). The number of transverse cracks seen in 1600J is much less than that seen
in 2208J and 62008.

Attention will now be paid to the characteristic of the ‘Pisa’ structure by
determining the separation between the entire bands. Since the ‘Pisa’ structure is a
result of etching away less resistance material in density deficient region, it would be
appropriate not to use the size of etched pocket but the distance between the bands
center. The distributions of band separation are shown in Figure 3 for drawn
quenched 6200B with draw ratios of 13x, 14x and 16x. At draw ratio of 13x, the

-

distribution centers around 4-6 pm. With increasing draw ratio, the peak of
distribution remains roughly at around 4-6 pm but decreases in frequency while

distribution at large band separation increases.
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Band separation distribution curves for drawn quenched 2208J are shown in
Figures 4 (a) — (¢). At low draw ratio, the distribution curve is seen to take the same
shape as that of 6200B and the separation center is also at around 4-6 um. With
increasing draw ratio, the pattern of distribution changes in a similar manner as that
seen in 6200B, i.e. the center of the distribution curve still remains at around 4-6 pm
but appears to decrease in frequency whereas distribution at large band separation
appears to increase. However, the drop in frequency at 4-6 pm and an increase at
large band separation were not as large as that seen in 6200B.

For drawn quenched 1600J, band separation distribution curves are shown in
Figures 4 (d) — (f). Again at low draw ratio, the distribution curve is seen to take the
same shape as that of quenched 6200B and 2208]. The separation center is also at
around 4-6 um. However, the distribution curve for 1600] remains sharp and does not
appear to change with increasing draw ratio as seen in 6200B and 2208J.

Effect of thermal treatment on the development of ‘Pisa’ structure was studied in
the highest molecular weight grade, 6200B. This was because the others could only
be drawn when quenched from the melt. Two additional thermal treatments, i.c.
medium cooled 6200B and slowly cooled 6200B were investigated. It was found that,
these samples also displayed similar trend in ‘Pisa’ structure formation as observed in
quenched 6200B. Maximum draw ratios were found to shift to higher values with
decreasing cooling rate. They were 16x, 18.5x and 21x for quenched, medium and
slowly cooled 6200B, respectively. Band separation distribution curves for these
samples are shown in Figure 5. The distribution curves for medium cooled 6200B
with draw ratios of 15x, 17.5x and 18.5x are shown in Figures 5 (a) — (c), respectively
and that of slowly cooled 6200B with draw ratios of 16x, 19x and 21x in Figures 5 (d)

— (), respettively ~Again, it can be seen that for both cases the changes in distribution



curve with draw ratio are very similar to that seen in quenched 6200B (cf Figure 3).
At low draw ratio, the band separation peaks at about 4-6 pum and with increasing
draw ratio the peak of distribution remains roughly at around 4-6 pm but decreases in
frequency while distribution at large band separation increases.

Effect of drawing speed on the development of longitudinal morphology was
studied in 6200B and the results are shown in Figure 6. Drawing at a lower speed of
10 mm/min in the second drawing stage was found to shift the draw ratio at which the
‘Pisa’ structure forms to slightly higher value. The maximum draw ratio shifted from
16x to 20x. Figure 6 displays the SEM micrographs for samples with draw ratios of
14x, 17x, and 20x. In general, the pattern seen with drawing speed of 100 mm/min
was repeated here. At low draw ratio of 14, it started with rather faint, but observable,
morphology of bands, short etched pockets and small amount of transverse cracks.
When specimens were drawn to higher draw ratios of 17 and 20 the bands became
more distinct, etched pockets became longer and the number of cracks increased.

Figure 7 displays the distribution curves of band separations for the above
samples. Again, the distribution curves look very similar to samples drawn at 75°C,
100 mm/min (cf Figure 3) and their maximum stand at around 4-6 um. No other
significant difference can be seen.

When the drawing temperature was increased to 100°C, it was found that the
draw ratio at which the ‘Pisa’ structure could be observed shifted to higher values of

16x compared te 9x at drawing temperature of 75°C. Figure 8 shows SEM

micrographs of longitudinal morphology of 6200B drawn at 100°C, 100 mm/min to
draw ratios of 16x, 17x, 19.5x and 21x, respectively. The longitudinal morphology of

the specimens still contains the same features as seen in previous conditions. The
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largest difference between the samples drawn at 75°C and 100°C is that the number of
perpendicular cracks decreased significantly when draw temperature was increased.
Figure 9 displays band separation distribution curves of specimen drawn at
100°C, 100 mm/min to various draw ratios. At this drawing temperature, the
distribution curves still displayed the same shape as those drawn at 75°C, but the peak
center shifted to around 7-8 pm and the amount of the longer band separation is also
increased with increasing draw ratio and the band center was at about 15 pm. This is
in good agreement with previous study [11]. However, at draw ratio of 21x, peak

center appeared to shift back to a lower value of around 7-8 um.

4, Discussion

Recently it has been shown that the ‘Pisa’ structure can be easily produced in
sample which was quenched from the melt [11]. This is known to produce sample
with high entanglement density. Therefore, samples used in the present study are
those quenched from the melt in order to trap the molecular entanglement. In the
same work it appears that the ‘Pisa’ structure has band separation centers at about 4-6
pm when samples were drawn close to their respective breaking points. The
differences in band separation distribution between samples were in the region of long
separation. High molecular weight material displays larger fraction at long band
separations. [t has been proposed that those band started up in the same manner and
change lat;er on in high molecular weight polymers. We will now consider if the
above statement still hold in the light of the present investigation.

Let begin our discussion on the fact that ‘Pisa’ structure forms at lower draw
ratio for sample with higher molecular weight. It is known that high molecular weight

-

polymer ‘(i:)'es not draw to- very high draw ratio. This is due largely to high



entanglement density in the materials. The success in lowering the entanglement
density to obtain ultradrawn materials is seen in the case of ultra high molecular
weight polyethylene (UHMWPE) [15]. Upon drawing structural transformation
occurs. This includes fragmentation of lamellae, sliding of chains passing each others,
chain pullout, etc [16, 17]. The latter is possible due to the present of c-relaxation in
the polymer. However, the present of entanglement would hamper the sliding process.
As chains become longer, the number of entanglement a chain traverse would increase
and chains become taut at relatively low draw ratio. It is suggested that ‘Pisa’
structure would form when this point is reached. Therefore ‘Pisa’ structure in high
molecular weight sample would form at lower draw ratio. This has also been
suggested to form at the onset of necking in the drawn materials [9]. It is worth
mentioning that there is also another type of defect which is very similar in
appearance to ‘Pisa’ before etching. These is termed ‘kink bands’ [18]. It was
proposed that the kink bands were resulted from the rupture of the fibrils which
generates compression waves that propagate along the drawing direction in the same
manner as that occurs in tensile recoil test which has been used to determine
compressive strength of highly oriented fibers [19] . Such compression waves would
cause compressive failure in the samples and revealed themselves as kink bands.
However, our experience on compressive strength of highly drawn polyethylene fiber
[20, 21] showed that compressive strength of polyethylene fiber was higher than stress
involved in the drawing at high temperature. In addition, fibers which had been
deliberately put un-der compressive failure by tensile recoil test did not show such
high frequency of kink band. Therefore it is believed that the ‘Pisa’ structure does not

forms by this fibril failure mechanism.
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The ‘Pisa’ structure first manifest itself as rather faint and thick bands. Etched
pockets are rather shallow presumably due to small difference in density of the entire
bands and the density deficient region. As drawing proceeds, the bands became
sharper and etched pocket longer. This is because larger difference in density of those
regions Is introduced. In addition, the bands may be drawn (through neck
propagation) on both side and resulted in shaper bands. Merging of short etched
pockets to become longer pockets may occur when some weak points on the band was
broken.

From the results shown above, it is seen that when the ‘Pisa’ structure starts
off the distance between the centers of the entire band is indeed about 4-6 um for all
samples despite the differences in molecular weight, draw ratio and thermal treatment.
We are not able to provide any reason at present as to why such as typical value exists
or what that value relates to. Although this type of structure has been suggested to
have overlaid the true morphology [22], it can still serve as markers. Further drawing
of the samples containing ‘Pisa’ structure only affects the band separation distribution
of the high molecular weight 6200B and 2208J. This observation would reinforces
previous suggestions that drawing in low molecular weight 1600J was dominated by
sliding of the structural element and the band separations, once formed, remains
unchanged despite an increase in draw ratio from 25x to 28.5x. For high molecular
weight 6200B, sliding becomes difficult due to high lateral cohesion between
structural elements [23]. Such lateral cohesion is believed to result from high bonding
strength [24] whi;:h in turn a result of high number of inter-microfibrillar tie
molecules [25] which hold the structural elements together. As a consequence,
drawing out in high molecular weight would be much more effective. Wider

distributigg,of band separation toward larger value is then observed. For intermediate
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molecular weight sample, 2208J, the behavior was found to be in between that of
1600J and 6200B.

With increasing drawing temperature and decreasing drawing speed, both
‘Pisa’ structure and transverse cracks are still observed but at higher draw ratios.
Such changes would provide the polymer chains with more energy and enough time to
move. Disentanglement would therefore become easier and thus prolong the
formation of defects to higher draw ratios. The number of transverse cracks in
specimens drawing at low speed is not decreased so much. Their number may be
roughly estimated to be similar to that seen in specimens drawn at higher speed. The
number of transverse cracks, however, significantly decreased when the drawing
temperature was increased. It may be said that increasing the drawing temperature is
more effective in reducing the number of transverse cracks than lowering the drawing
speed. This can be understandable. Generally for the behavior of materials to change,
strain rate needed to be changed by several decades while a few degrees changes in
temperature is enough to cause a change [26].

Increasing drawing temperature from 75°C to 100°C also shifted band
separation center from 4-5 pm to 7-8 pm and to about 15 pum depending on draw ratio.
This would suggest that temperature is the most important parameter which controls
band separation center. Considering the resemblance of the ‘Pisa’ structure and that
of porous PE hollow fiber membrane, it is very interesting to speculate that this
observed fact may be useful in the manufacture of such membrane where it is
desirable to control the pore size of the membrane and also to have larger pore size
[27].

The fact that band separation center of samples drawn at 100°C increased to

about 15 71 and-then decreased to around 7-8 pm again might suggest that there is a
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repeated occurrence of ‘Pisa’ structure. If it is assumed that the previously proposed
mechanism for ‘Pisa’ structure formation [9] is valid, then the repeated occurrence of
the ‘Pisa’ structure may be related to multiple necking process taking place at higher

draw ratio.

5. Conclusions

Longitudinal morphology of highly drawn polyethylene has been studied.
Particular emphasis has been placed on the development of a defect with parallel
longitudinal etched pockets laid in the regions between almost parallel continuous
transverse bands or ‘Pisa’ structure. It was found that the longitudinal morphology of
highly drawn polyethylene at low draw ratio is of rather featureless with some
longitudinal striations. At certain draw ratios, depending on molecular weight,
thermal treatment and drawing conditions, the ‘Pisa’ structure starts to develop.
Fainted short etched pockets can be seen and the bands become more distinct, etched
pockets become longer with increasing draw ratio. The band separation distributions
for all samples studied are very similar centering at about 4-6 um when the ‘Pisa’
structure starts to form. With increasing draw ratio, the band separation distribution
for low molecular weight sample remains relatively unchanged while that of high
molecular weight increases in the region of large band separation. Thermal treatment
and drawing speed were found to have small effect on this distribution while drawing
temperatur¢ can alter the distribution. Band separation was found to increase with

increasing drawing temperature.
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Abstract
High strength fibers were prepared from high density polyethylene
(HDPE)/organically modified montmorillonite (OMMT) composites. OMMT was
found to increase drawability of HDPE significantly. As a result of an increased
drawability, fibers with much higher mechanical properties were obtained. The
highest modulus and tensile strength obtained in the present study were 38 GPa and
1.7 GPa, respectively. Study of internal morphology suggests that the role of OMMT

is to suppress a defect formation and allows the fiber to be drawn to higher draw ratio.

Keywords: polyethylene fiber; high strength; defect



1. Introduction

Producing high modulus and high strength fibers from flexible polymers have
been one of the challenges in polymer science and technology for a very long time.
The polymer in focus is polyethylene due to its availability and very high thoeretical
modulus and strength. Strong polyethylene fibers have been produced by various
drawing methods. These include solid state hot drawing [1, 2], solid state extrusion
[3, 4], free growth [5], surface growth [6] and gel-spinning |7]. It has been shown
that the mechanical properties depend on draw ratio achieved. Melt spinning is an
attractive method although the modulus and strength of melt-spun and hot drawn
fibers obtained are still much lower than that of gel-spun fiber. This is due primarily
to the much lower molecular weight of the polymer employed in melt spinning {8, 9].
Others include the lower level of chain extension and also the formation of various
types of defect within the fiber [10-16]. In recent years, polymer/organoclay
composite has received a great deal of attention. A small amount of organoclay can
significantly improve mechanical properties of the base polymer. This is presumably
due to the very large aspect ratio of clay particies and the very high Young’s modulus
in the layer direction of clay particles, which has been estimated to be about 50 to 400
times higher than that of a typical polymer [17-21]. Most of researches on
polymer/organoclay nanocomposite are on molded specimens. There is a very few
reports on melt-spun fibers from nanocomposites [22-29]. The level of improvement
in mechanical properties of these nanocomposite fibers varies depending on polymer
and organoclay systems. The highest values achieved, however, are still quite low. In
this communication, we report preliminary results of a novel approach to produce
high strength fiber from polyethylene/clay composites by using solid state hot
drawing. The level of mechanical properties achieved is much higher than that

obtained from other nanocomposite fibers reported so far.

2. Experimental
2.1 Materials -

HDPE with an MFI of 5.0 g/10 min grade 5000S produced by Bangkok
Polyethylene, Thailand was used. Organoclay based on montmorillonite (OMMT).
which is commercially. available under the trade name ‘Claytone’ produced by

- oy .

Southern -g_gyjf;od‘ucts, USA, was used.



2.2 Preparation of HDPE/OMMT composites
The composites were prepared by melt-blending with a laboratory two-roll
mill at 150-155°C. OMMT was found to dispersed homogeneously in the HDPE

matrix.

2.3 X-ray characterisation

Measurements of the interlayer spacing of the clay in the composites were
carried out. The results (not shown) indicated that our HDPE/OMMT composites
were of conventional type. Evidence for dispersed OMMT particles can also be seen
from electron microscopy. No attempt was made to improve the degree of OMMT
exfoliation at the moment since the composites already showed better drawability
than the neat HDPE.

2.4 Spinning of HDPE/OMMT composites

The composite was converted into continuous fiber using a Randcastle
laboratory single crew extruder. The spinning temperatures were set at 140, 180, 190
and 220°C for zone 1, zone 2, zone 3 and die. Screw speed was set at 2 rpm. The as-
spun fiber was allowed to cool in air. As-spun fiber with diameter of about 500 pm
was obtained. The as-spun fiber was drawn to different draw ratios in a hot glycerol

bath set at 85°C.

2.5 Tensile properties measurements
Tensile properties of the drawn fibers were measured at room temperature
with an Instron universal tester (Model 5569) using sample gauge length of 10 cm and

cross head speed of 5 cm/min. An average of 5 specimens was used for each fiber.

2.6 Scanning electron microscopy (SEM)

To observe the internal morphology, the fiber was embeded in Kraton
copolymer (Shell) and the surface was removed at low temperature with a glass knife
in a microtome. The exposed surface was etched with permanganic reagent [30] for
2 hours at room temperature. Surface morphology of the etched specimen was
observed with a JEOL (JSM-5410LV) scanning electron microscope operating at
20 kV vl no"specimen tilt.



3. Results and Discussion
3.1 Drawability of the HDPE/OMMT compeosites

The maximum draw ratios achieved were found to be 25x, 25x, 30x and 35x
for 0%, 1%, 3% and 6% OMMT respectively. It is clear that maximum draw ratios of
HDPE/OMMT composite fibers are higher than that of the neat HDPE (5000S) and
are dependent on the amount of OMMT.

3.2 Tensile properties of HDPE/OMMT composite fibers

Tensile properties of the drawn fibers are shown in Figure 1. It can be seen
that modulus exhibits a unique relationship with draw ratio as that observed by
Andrew and Ward {1] and Smith and Lemstra {7]. It can be also noticed that moduli
of all fibers fall on the same line. Fiber with 6% OMMT displays the highest
modulus approaching 40 GPa. Fibers with less OMMT have correspondingly lower
moduli due to their lower draw ratios. These results suggest that OMMT loading
have very small effect on modulus of the composite fibers provided the fibers were
drawn to the same draw ratio. Like the modulus, the tensile strength initially
increases linearly with the draw ratio. Tensile strength of all fibers also falls on the
same line, At high draw ratio, however, differences in tensile strength between fibers
begin to occur and the tensile strength tends to approach an upper limit depending on
the amount of OMMT as shown in Figure 1 (b). Fiber with higher amount of OMMT
shows higher tensile strength than that with lower amount of OMMT. Fiber with 6%
OMMT shows the highest tensile strength up to 1.7 GPa at a draw ratio of 35X.

The fact that all fibers exhibit approximately the same modulus at the same
draw ratio regardless OMMT content suggests that OMMT plays virtually no roll in
reinforcing the fiber as might be expected from a composite model. However, an
increase in ma-ximum draw ratio coupled with higher tensile strength with increasing
OMMT content indicates that OMMT plays an important roll in postponement of
failure of the fiber. This can be seen in Figure 2 where stress-strain curves of 20X
and 25X drawn fibers without and with 6% OMMT are displayed. Fibers with 6%
OMMT can extend to a much larger strain than that without OMMT and hence higher

tensile strength.



3.3 Longitudinal morphology of the fibers

The increase in failure strain observed prompted us to look at fiber’s internal
longitudinal morphology. The SEM micrographs are shown in Figure 3. As
expected, there is a very clear change in internal morphology in the presence of
OMMT. In general, the appearance of defect occurring in drawn fiber, called “Pisa”
structures [15-16], can be expected at maximum ratio of polyethylene fibers. This
structure is clearly seen in drawn HDPE fibers at the maximum draw ratio of 25X, as
shown in Figure 3 (a). Such structure largely disappears from the fibers with OMMT.
Instead “sheath-core™ structure was observed for fibers with OMMT at their
respective maximum draw ratios (Figures 3 (b)-(d)). Sheath is a layer of Pisa
structure of HDPE and core consists of dispersed OMMT distributing in the HDPE
fibril. Moreover, we have found that the thickness of the sheath decrease with
increasing the amount of OMMT. The sheath thickness in HDPE/1% OMMT,
HDPE/3% OMMT and HDPE/6% OMMT are around 20, 10 and 5 pm, respectively.

The change in internal morphology shown above would suggest that the role
of OMMT is to suppress defect formation in drawn fibers. It is proposed that defect
suppression is achieved through OMMT dispersion, which acts as tiny stress
concentrators evenly distributed in the composite fiber.  These tiny stress
concentrators would facilitate flowing of HDPE during drawing and result in higher
maximum draw ratios. It is believed that this effect is similar to that observed in
PVC/nanocalcium carbonate in which nanoparticles cause a dramatic change in
failure mechanism of PVC from brittle to ductile [31]. The disappearance of defect in
the drawn fiber also prevents premature failure of the fiber during tensile testing by

causing the applied stress to distributed more evenly in the fiber structure.

3.4 Attainable strength

Ohta [32] has suggested the use of attainable strength for comparing fiber
produced' with different processing techniques. Since the fiber fails in brittle manner,
the flaw theory of fracture proposed by Griffith [33] may be applied. According to
the theory, tensile strength of a brittle solid is governed by cracks and is given by the

following equation.

0=mE/'é



where o and E correspond to tensiie strength and modulus, and m is a proportional
constant which is in reverse proportion to the square-root of crack size. Figure 4
illustrates the Griffith plot for drawn HDPE and HDPE/OMMT fibers. It can be seen
that the slope, m, increases with increasing the amount of OMMT. The attainable
strength at a theoretical modulus of 250 GPa predicted by the thoery increases from
3.0 GPa for HDPE to 3.1, 3. 2 and 4.7 GPa for HDPE with 1%, 3% and 6% OMMT,
respectively. These results strongly suggest a much reduced crack size in the

composite fibers.

4, Summary

High strength polyethylene fiber with a modulus approaching 40 GPa and a
strength of 1.7 GPa has been prepared from HDPE/OMMT composite. The increase
in mechanical properties over neat HDPE is due to an increase in draw ratio and
failure strain provided by the OMMT particles in the composite fiber. A significant
increase in drawability was obtained even the composite was of conventional phase-
separated type. Work is now underway to investigate the effect of degree of OMMT

exfoliation on drawability of the composite fiber and also related mechanism.
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List of Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Tensile properties of HDPE/OMMT fibers drawn to different draw ratios:
(a) modulus at 1% strain and (b) tensile strength. +: HDPE,
O: HDPE + 1%O0OMMT, <: HDPE + 3%O0OMMT, O: HDPE + 6%OMMT.
Stress-strain curves of HDPE (@, A) compared with HDPE + 6%0OMMT
(O, A) fibers drawn to draw ratios of 20X (A, A) and 25X (@, O).

SEM micrographs of longitudinal morphology of fibers drawn to their
respective maximum draw ratios. (a) HDPE at A=25, 1000X; (b) HDPE +
1%OMMT at A=25, 2000X; (¢) HDPE + 3%OMMT at A=30, 2000X; (d)
HDPE + 6%0OMMT at A=35, 2000X.

Relationship between tensile strength and square root of modulus.
+: HDPE, O: HDPE + 1%O0OMMT, <: HDPE + 3%0OMMT, O: HDPE +
6%0OMMT. Extrapolations of the lines to theoretical modulus of 250 GPa
(square root = 15.81) yields the predicted attainable strengths (see text).
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ABSTRACT

High density polyethylene (HDPE) can be drawn to produce high modulus and high
strength fibres. There are two main processes to achieve such products. They are melt-
spinning/hot drawing and gel-spinning processes. The former is suitable for melt processable
polyethylene while the latter is for ultra high molecular weight polyethylene. The mechanical
properties achieved by melt-spinning/hot drawing are restricted by the low motecular weight
of polymer employed and also the formation of internal defects during drawing process. The
modulus and ultimate strength of meit-spun/hot drawn fibres are still much lower than those of
gel-spun fibres. Recently a very promising improvement in mechanical properties of
potymer/organociay, especially organically modified montmorillonite (OMMT), composites in
moulded specimen have been reported. This has stimulated investigation of such improvement
in composite fibres.

In this study, melt-spun/hot drawn HDPE/OMMT composite fibres have been
developed. Attention is paid to the mechanical properties and morphology of the fibres.
Composite fibres with various OMMT amounts were firstly prepared by simple direct melt
blending. The composites were found to have phase-separated structure or microcomposite.
These composites were then melt spun into fibres and subsequently hot drawn to produce
highly oriented fibres. It was found that the presence of OMMT aliowed the fibres to be drawn
to higher maximum draw ratios. Preliminary mechanical properties and morphological results
of such fibres were found to depend on the amount of OMMT. A significant improvement in
tensile strength was obtained. Tensile strength as high as 1.7 GPa was obtained at 6 php
OMMT content for 35X drawn fibre. Investigation of fine internal morphology suggested that
the presence of clay platelets could suppress the formation of defects. The absence of defect
therefore provided fibres with higher strength.

In order to investigate the effect of composite structure on drawing behaviour of
composite fibres and also their mechanical properties, attempts were made to prepare
exfoliated HDPE/OMMT composite. Two methods were employed. The first method was by
introducing thé compatibiliser, PE-g-MA, into the composite. The second was a solution
method operated under high pressure and temperature known as solvothermal method. It was
found that PE-g-MA can help dispersing clay platelets. X-ray results suggested that exfoliated
structure was obtained. However, these composite fibres did not draw to very high draw ratios.
Moreover, tensile strength of this composite fibre was much poorer than normal composite
fibres. This was attributed to the low mechanical properties of PE-g-MA compatibiliser. For
composite prepared by solvothermal method, although no improvement in drawability was
achieved, mechanical properties of the fibres were very similar to those of normal composite
fibres. It is suggested that the clay platelets may be too small to be effective in suppressing
defect formation as in composites prepared by direct melt blending.

KEY WORDS: POLYETHYLENES/ POLYMER ORGANOCLAY COMPOSITES
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